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A bstrac t
Microbial Rock Plant Filters (MRPFs) are capable  of treating municipal 
w as te w a te r s ,  particularly for the  removal of biochemical oxygen demand 
(BOD) in an economic  manner.  There is no consensus  on proper design for 
th e se  tr ea tm ent  sy s tem s  due  to the  limited performance data  available on 
th e se  recently developed sys tem s  (Reed, 1993).  Variability of the  BOD 
removal reaction rate cons tan t  is an important observation which has  bearing 
on the  design of th e se  systems. Variability of BOD removal reaction rate 
c o n s ta n t  along the  filter length w as  modeled as a function of the  variable 
microbial activity. The microbial activity w as  es timated using a modified 
fluorescein d iace ta te  (FDA) method. Variability of dissolved oxygen (DO), 
hydrogen ion concentra tion (pH), temperature ,  and ammonia  nitrogen (NH3-N) 
in the  w a s te w a te r  along the  filter length w as  also monitored. The study 
included monitoring of the  MRPF located at Benton, Louisiana. A modified 
design criteria for MRPF trea tment  sys tem s  based on the  modeled BOD 
removal reaction rate cons tan t  is sugges ted .  It is expec ted  tha t  the  use of 
this method will optimize the  filter size for any given w a s te  quanti ty and 
character is t ics and ensures  proper design.
1. Introduction
Microbial Rock Plant Filters (MRPFs) are emerging world wide as  
popular municipal w a s te w a te r  trea tm ent technologies due to their low 
const ruction and main tenance  costs .  MRPFs consis t  of a filter media, 
vegeta tion and microorganisms, with each entity performing a se t  of functions 
in the  t rea tm en t  of w as tew a te rs .  Symbiotic relationship be tw een  the  plants 
and  microorganisms results  in accelerated biological activity. Though this 
technology has  been in use in some European countries  for more than 10 
years,  th e se  sys tem s  are only about 5 years old in the  U.S. They have high 
potential for reduction of biochemical oxygen demand (BOD), total suspended  
solids (TSS), and fecal coliform population.  Currently there  is no consensus  
on design criteria and performance expecta tions  for th e se  t rea tm ent  sys tem s  
(Reed, 1993).  It is es timated tha t  there  are more than 150  similar 
cons t ruc ted  wetland sy s tem s  in the  U.S. treating a flow of approximately 4  
X 1 0 5 m 3/d (100 mgd) (Reed, 1992).
MRPFs are very at tractive for small to medium size communities.  They 
can  reduce  5-day BOD (BOD5) in septic tanks  and oxidation lagoon effluents 
from 5 0 -1 1 0  mg/l to 2 -10  mg/l in 24  to 48  hours (Jones,  1990).  Som e of the 
ad v an tag es  of the  MRPF over conventional sy s tem s  are :
® low energy requirements
•  reduced capital, operation and main tenance  cos ts
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•  less sophisticated to operate
•  less construct ion time
•  natural disinfection
•  high BOD5 and TSS reduction
•  less sensitive to inflationary costs .
Utilization of this technology has  grown rapidly in the  pas t  few  years,  
but there  is no consensus  on design criteria for th e se  sys tem s .  Som e of the 
t rea tm en t  plants in the U.S. are facing problems assoc ia ted  with improper 
design of hydraulics and physical geometry.  The major problem is a lack of 
cons is tency  in the effluent quality (Reed, 1993).  MRPF technology utilizes 
microorganisms and high surface support  media such  as  rocks or crushed  
s tone  with aquatic and semi-aquatic plants growing on the  rocks.  In MRPFs, 
the  symbiotic relationship be tw een  the  plants and  the  microorganisms living 
on the  plant roots and the  adjacent rocks results  in a synergist ic effect  which 
enhances  the  efficiency of the  sys tem for treating w as tew a te r s .  Som e of the  
impor tant plant species used in MRPF sys tem s  are,  Bulrush (Scirpus s p p j, 
Reeds (Phragmites spp.) and Cattails (Typha spp.) (Jones,  1991).
Understanding of pollutant removal mechanisms  and reaction kinetics 
is important before one can arrive at  rational design approach  for these  
sys tem s .  However,  there  is little information available on BOD removal 
reaction kinetics and the  variation in reaction rate cons tan ts  along the  filter 
length or as  the  residence time increases.  This variation may be a function of
a number of factors  such  a s  microbial activity, dissolved oxygen,  ammonia  
nitrogen, tempera ture ,  type and density of vegeta tion etc.
Rate of reaction is defined as  the  rate of d is appearance  of the  
reactants .  Rate of reaction is a function of concentra tion of the  subs t ra te  
available a t  any time. The reaction rate can be any order and dep en d s  on the 
reaction mechanisms.  The reaction rate cons tan t ,  specific rate c o n s ta n t  (K), 
is independent  of subs t ra te  concentra tion and d ependen t  on several  other 
variables. Among the  important dependen t  variables, the  effect  of 
tem pera tu re  is well recognized. The dependency  of reaction rate co n s tan t  on 
tem pera tu re  is well descr ibed by Arrhenius equation (Metcalf and Eddy).
MRPFs are long in the  direction of hydraulic flow compared  to the 
conventional tr ea tm ent  units or filters. The environmental  conditions for 
microbial activity in MRPF t rea tm ent  sy s tem s  are not the  s am e  along the  filter 
length. A few  examples  of variable environmental  conditions along the  filter 
length are density of semi-aquatic plants; density of subsurface  root sys tem  
growth ; nutrient concentrat ion; dissolved oxygen; and surface  area  of plant 
root sy s tem s  for microbial growth. The overall objective of the  proposed 
research work w as  to unders tand  and formulate the  variation of reaction rate 
c o n s ta n t  in MRPF trea tm ent  sys tems  based on field monitoring data .
The variability of BOD removal rate cons tan t  (K) may be a function of 
several  environmental  conditions such  as  microbial activity, w a s te w a te r  
tempera ture ,  pH, ammonia nitrogen, dissolved oxygen,  types  of plants, plant
densi ty ,  rhizome depth  etc.  As the  role of microorganisms in digestion of 
subs t ra te  is primary, modeling "K" as a function of microbial activity should 
take  into accoun t  o ther changing environmental conditions such as  dissolved 
oxygen content ,  nutrient content ,  temperature,  pH, plant density etc.  The 
specific objectives of the  s tudy were:
•  To unders tand the  MRPF sys tem s  in removal of BODs of w a s te w a te r s  
and the  rate constan ts .
•  To s tudy the  rate cons tan ts  and possibly formulate as a function of
microbial activity.
•  To propose a design criteria or method based on the  s tudy results.
To achieve  the  above  objectives,  the  project s cope  w as  prepared a s  described 
below:
•  Verification of the  applicability of the  first order BOD removal reaction
kinetics and the  second  order BOD removal reaction kinetics through
field studies  and literature review.
•  Investigation of the  variation of BOD removal reaction rate constant (K) 
along the filter length.
•  M easurem ent  of the  microbial activity along the  filter length using 
suitable techniques .
•  Modeling the  variation of rate constan ts  as a function of microbial 
activity in the  filter which in turn may be influenced by other variables 
such  as  pH, tempera ture ,  dissolved oxygen content,  and nutrients.
2. Literature Review
Most  of the  available information in the  literature re lates to  the  natural 
or cons t ructed  wetlands.  Although the  w a s te w a te r  t r e a tm en t  is a common 
function of MRPF, natural wetlands,  and constructed  wetlands ,  MRPF 
technology is different from wetland technology which uses  fine soils. MRPF 
is an application of hydroponic technology. Hydroponics is defined as  the  
growing of plants in a nutrient solution without soil which is also te rmed as 
"soilless agriculture" (Jones,  1990).
2.1 Natural Wetlands
Formerly, wetlands were  considered as w as ted  land. Now it is clear 
th a t  they provide irreplaceable benefits to people and the  environment.  
Wetlands  provide natural flood prevention and pollutant filtering sy s tem s  and 
contribute  significantly to ground w ater  recharge.  They are a favorable 
habitat  for sport  fish, migratory waterfowl,  furbearers,  and o ther  valuable wild 
life (U.S. EPA, 1987).  Wetlands  are defined by federal regulatory agencies  as 
" those  a reas  tha t  are inundated or saturated by surface  or ground water  a t  a 
f requency and duration sufficient to support  under normal c i rcumstances  a 
preva lence of vegetation typically adapted for life in sa tu ra ted  soil conditions" 
(U.S. EPA, 1987).
The interest in wetlands  for w as tew a te r  tr ea tm ent  is fairly recent.  The 
te rm wetlands  is also a new expression which e n co m p a sse s  w ha t  for years
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have  simply been referred to as  marshes,  sw am p s  or bogs.  Natural wetlands  
are effective as  w a s te w a te r  trea tment  p rocesses  because  they  support  a large 
and diverse population of bacteria which grow on the  subm erged  roots and 
s tem s  of aquatic plants and are of particular importance in the  removal of BOD 
from w a s tew a te r .  Quiescent w ater  conditions of a wetland  are also 
conducive  to the  sedimentation of w as tew a te r  solids. Other m eans  by which 
wet lands  provide w a s te w a te r  trea tm ent are the  adsorption/filtrat ion potential 
of the  aquat ic  plants '  roots and s tems,  the  ion exchange/adsorption  capaci ty 
of w e t lands '  natural sediments,  and the  mitigating effect  tha t  the  plants 
them selves  have  on climatic forces such as  wind, sunlight and tempera ture  
(U.S. EPA, 1988).
Wetlands  appear  to perform, at  least to som e  degree,  all of the  
biochemical transformations of w as tew a te r  const i tuents  tha t  take  place in 
conventional w a s te w a te r  trea tment  plants, in septic tanks  and their drain 
fields, and in o ther  forms of land treatment.  The submerged  and em ergen t  
plants,  their assoc ia ted  microorganisms, and the  wetland soils are responsible 
for the  majority of the  trea tm ent effected by the  wetland (U.S. EPA, 1987).  
These  wet lands  are characterized by emergent aquatic vegetation such  as 
cattails  (Typha spp.), rushes  {Scirpus spp.), and reeds (Phragmites spp.).
The use of natural wetland trea tm ent sys tem s  is limited to providing 
polishing of secondary  effluent to meet  dow nst ream  w ater  quality s tandards .  
Usually the  objective is to reduce the concentration of BOD, suspended  solids
(SS), and the  nutrients such as nitrogen and phosphorous  in secondary  
effluents. Phosphorous removal is site specific and dep en d s  largely on the  
type  of soil in tha t  area.  Removal of pa thogens  from w a s te w a te r  is also 
observed  in natural wetlands.  The levels of many of the  inorganic and organic 
c om pounds  present in w as tew a te r  are greatly reduced as  they  pass  through 
wet lands  mainly by microbial activity assoc iated with the  wetland soils (U.S. 
EPA, 1988).
2 .2  Constructed Wetlands
Constructed wetlands  can be regarded as the  natural wet lands  within 
a more controlled environment to reach the  intended objective of treating 
w a s tew a te r .  Small scale wetlands were  created expressly for the  purpose of 
providing w a s te w a te r  treatment ,  while some large sca le  sy s tem s  were  
implemented with multi faceted objectives such  as  t rea ted  w a s te w a te r  
effluent as  a w a te r  source for the  creation and restoration of marshes  for 
wildlife use and environmental enhancem ent  (U.S. EPA, 1987).
Const ructed wetlands  have diverse applications and can  be designed 
to  accomplish a variety of trea tm ent objectives and w a s te  application ranges 
from raw w a s te w a te r  to secondary  effluent. Their site selection criteria is 
flexible and can vary from natural sett ings requiring minimum site preparation 
to  sites requiring extensive earth moving, const ruct ion of impermeable 
barriers, or building of containment such as  tanks  or t renches .  Wetland 
vegeta tion w as  established and maintained on subs t ra te s  ranging from gravel
or mine spoils to clay or peat. These sys tem s  can be flow through sys tem s  
or have  the  option of recycling a portion of the  w a s te w a te r  (U.S. EPA, 1987).
The advan tages  of const ructed wetlands are many, and  include: 
flexibility in site location; optimized size for anticipated w a s te  load; potential 
to  t re a t  more  w a s te w a te r  in a smaller area than is possible with natural 
wetlands;  less rigorous pre-application treatment,  and no alteration of natural 
we t lands  (U.S. EPA, 1987).  Constructed wetlands can  be further classified 
into free w a te r  surface  (FWS) sys tem s  and subsurface  flow (SF) sys tem s .
2 .2 .1  Free Water Surface (FWS) Flow Sys tems
FWS flow sys tem s  consist  of basins or channels  with soil or another  
suitable filter medium to support  emergent vegetat ion w here  w a te r  levels are 
maintained a t  a relatively shallow depth  over the  filter media. These  usually 
contain subsurface  barriers or liners to prevent seepage.  The shallow w ater  
dep th ,  low flow velocity, and presence  of the  plant stalks and litter regulate 
w a te r  f low and, especially in long & narrow channels,  minimize short  circuiting 
(U.S. EPA, 1988).  In this case ,  the surface of the w a ter  is exposed  to the  
a tm osphere  as  it flows through the  bed.
2 .2 .2  Subsurface  Flow (SF) Systems
SF sy s tem s  are similar to trickling filters but allow horizontal flow. The 
flow in th e se  sys tem s  is subsurface  and they have the  added com p o n en t  of 
em ergen t  plants with extensive root sys tem s  within the  media.  Sys tems  
using sand  or soil media are also common (U.S. EPA, 1988).  SF wetland
conta ins  a foot or more of permeable media which supports  the  emergent 
aquat ic  vegetat ion as  in the  case  of a FWS wetland, but in SF wet land the 
w a te r  level in the  bed is maintained below the  top  of the  media so  tha t  whole 
flow is subsurface .  The oxygen source  in a SF wet land bed is supplied in part 
by the  vegeta tion; the  leaves transmit oxygen through root sy s tem s  giving rise 
to aerobic micro si tes within the  bed. The biological reactions in this ca se  are 
believed to be due to the  microbial growth  on the  media surfaces  and on the  
subsurface  plant parts.
Several advan tages  exist with SF sy s tem s  compared  to FWS sys tems .  
They include lack of odors,  public exposure ,  or reduced risk of insect  vectors.  
Because  of greater surface  area  available for t rea tm en t  than in case  of FWS 
sy s tem s ,  the  reaction rates should be higher for the  SF type sys tem s  than 
FWS sy s te m s  designed for the  sam e  w a s te w a te r  conditions and therefore  it 
can be smaller in area (Reed, 1992).
2 .3  Microbial Rock Plant Filters (MRPFs)
MRPFs are very close to  SF wet land sys tem s  though  som e differences 
are indicated in the  literature. MRPF technology is different from tha t  of 
wetland technology which uses  fine soils. Unlike const ruc ted  wetlands ,  the  
nutrient supply for the  vegeta tion supported in MRPF sys tem s  com es  wholly 
from the  w as tew ate r .  In MRPF, the  symbiotic relationship be tw een  the  plants 
and the  microorganisms living on the  plant roots and the  adjacent rocks
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results in a synergist ic effect  which enhances  the  efficiency of the  sys tem  to 
t rea t  w a s tew a te r .  A typical sketch of a MRPF is sh o w n  in Figure 2.1.
2 .4  BOD Removal Models
The BOD removal mechanisms are similar in MRPFs and trickling filters. 
Both sy s te m s  use  a t tached  microorganisms for the  removal of organics.  
Trickling filters are more aerobic than MRPFs. Several investigators proposed 
equat ions  to descr ibe  the  removal of organic mat ter observed in trickling filters 
based  on the  biofilm kinetics, including Atkinson, Eckenfelder,  Fairfall, Galler, 
and Gotaas ,  the  National Research Council, and Velz (Metcalf and Eddy). 
Variation in the  size of these  filters predicted by th e se  models is, a t  least, 
partially due  to  the  variance in the input parameters  such  as  depth  of filter, 
type  of w a s te w a te r  entering the filter, dependence  on temperature ,  etc.  
(Skipper, 1990) .  Because of the  unstable characterist ics of the  biofilms and 
unpredictable hydraulic characteristics,  a generalized kinetic model of the  
trickling filter is very difficult to develop (Metcalf & Eddy, 1990).
As sugges ted  by Atkinson e t  al., the  rate of flux of organic material into 
the  slime layer is given by (Metcalf and Eddy):
rs = - Ehk0S / (Km + S)  (2.1)
where ,
rs = rate of flux of organic material into the  slime layer,
mg/(l .m2.d)
E =  effect iveness  factor (0 <L E <_ 1)
Vegetation
\j1/







Perforated Inlet Pipe Filter Bed Packed with Gravel Perforated Outlet Pipe
Fig. 2 . 1 :  Longi tudinal S ec t io n  of  A Typical  MRPF
12
h = thickness of slime layer, m
kD =  maximum reaction rate, d '1
S = average BOD concentration in the  bulk liquid in volume
element,  mg/l 
Km = half-velocity constant ,  mg/l
Metcalf  and Eddy sugges ted  application of Atk inson 's  model by 
performing a mass-balance  analysis for the  organic material conta ined in the  
liquid volume in a trickling filter which results in the  following equation:
 ( 2 . 2 )
where ,
CD = influent concentration resulting after the  un treated
incoming w as tew a te r  is mixed with recycled effluent, mg/l 
Ce = effluent concentration,  mg/l
f =  proportionality factor
w  = width of section under consideration
Z = filter depth,  m
Q = volumetric flow rate, m3/d





K observed reaction-rate cons tan t ,  m/d
Z filter depth ,  m
specific surface  area of filter
surface  area (m2) / unit volume (m3)
A cross-sectional area of filter, m2
m,n = empirical constants
It may be noticed tha t  though there  are several models for BOD removal 
by trickling filters based on a biofilm theory,  they  can  not be applied to MRPF 
sy s te m s  due  to the  several differences be tween  trickling filters and MRPFs.
The Michaelis-Menton, or Monod equation exp resses  a com m on kinetic 
relationship which is based on an enzymatic rate limiting s tep.  By coupling 
the  Monod equation with the  diffusion equation,  a model has  been developed 
to  predict  the  movement  of substra te  into the  biofilms (Williamson and 
McCarty,  1976; Rittman and McCarty,  1980a ,  b, 1981).  However,  this 
model requires the  knowledge of the  subs t ra te  and flux limiting species.  A 
method proposed by Rittman and McCarty (1980a) allows calculation of the 
minimum subs t ra te  concentra tion at  which the  microbial degradat ion c ea ses  
and  no biofilm exists.  Williamson and McCarty (1976a) mentioned the
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possibility tha t  one species  could be limiting in the  biofilm's oute r  portions and 
a s econd  in the  biofilm's inner portions, which they called dual limitation. 
Rittman and Dovantzis (1983) derived a technique  to identify the  boundaries 
of the  dual limitation region and give an logarithm for calculating subs t ra te  
f luxes within this region. Dual limitation is frequently assoc ia ted  with soluble 
BOD removal in a t tached  growth sys tems  (Skipper, 1990).
A biofilm is defined as  deep when the  limiting macronutr ient d ec rea se s  
to  such  a low concentra tion tha t  metabolism ceases ;  in a thin biofilm, 
organisms are actively metabolizing across the  entire biofilm dep th  (Williamson 
and McCarty, 1976).  Use of a substra te  flux biofilm model requires a 
knowledge  of the  biofilm thickness .  Rittman and McCarty (1981) proposed 
a method of determining the  flux of a single, rate limiting subs t ra te  into 
biofilms of any th ickness by using explicit methods  for deep  film regions and 
a simple iterative method for shallow regions. Further work by Suidan, e t  al. 
(1987) defined the  criteria for having deep  or fully penetra ted  kinetics by 
relating subst ra te  utilization penetration to a new  dimensionless  rate modulus,  
Q, which is the  ratio of the  dimensionless subst ra te  utilization rate a t  the  
a t t a ch m e n t  surface  to the  dimensionless subst ra te  utilization rate for the  bulk 
subs t ra te  concentrat ion.  Graphical analysis is then used to analyze 
dep en d en cy  of the  reaction order of the overall subs t ra te  flux on the  bulk 
su b s t ra te  concentra tion (Skipper, 1990).
Though similarities be tw een  MRPFs and trickling filters exist, 
differences predominate.  The similarities include use  of a filter media, and 
a t tached  growth  of microorganisms responsible for the  biodegradation of the  
subs t ra te .  The differences include flow pattern (horizontal vs. vertical; may 
affect  continuity of flow), significance of additional removal mechanisms 
predominant in MRPFs such  as evaporation (high in MRPFs due  to larger 
surface  areas), photochemical reactions (MRPFs may receive high solar 
radiation because  of larger areas),  plant metabolism, adsorption and uptake 
(EPA/625/1-88/022) .
Most of the  MRPF sys tem s  in the  U.S. and Europe were  designed as 
a t tached  growth  biological reactors  using a first order plug flow model as 
given be low [EPA 832-R -93-001 , July 1 993 /  Reed, Ed.]:
[Ce/C J  = exp(-KTT)  (2.4)
where ,
Ce = effluent BOD5, mg/l
C0 = influent BOD5, mg/l
Kt = tempera ture-dependent  first-order rate cons tan t ,  d '1
T = hydraulic residence time, d
The above first order plug flow model for BOD removal appears  to be 
widely accep ted  for design of these  sys tem s  (EPA Design Manual for 
Constructed Wetlands  and Aquatic Plant sys tem s  for Municipal W as tew a te r  
Treatment,  EPA/625/1 -88 /022 ,  September  1988; Tennessee  Valley Authority
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Technical  Report Series, TVA/W R/WQ-91/2 ,  March 1991; European Design 
and  Operat ions Guidelines for Reed Bed Treatment Sys tems,  Ed.: Cooper.  
P.F., Sep tem ber  1990).
2 .5  Design Criteria
In this section the  design criteria used for these  sy s tem s  are extensively
reviewed. In this regard,  four docum ents  were  reviewed which deal
extensively with design.
2.5.1 EPA Design Method
Site Selection
Topography
The EPA manual (EPA/625/1-88/022) sugges ts  tha t  th e se  tr ea tm ent  
sy s te m s  can be constructed  almost anywhere  without  any restriction on 
climatic conditions.  The emergent plant species  commonly used in these  
t r ea tm en t  sys tem s  w ere  observed to tolerate winter freezing much be tter than 
aquat ic  plant sys tem s .  Pilot trea tm ent sys tem s  were  successfully 
exper imented in abandoned tailing basins of mines.
Soil Permeability
All of these  trea tment  sys tem s  use  an impermeable layer such  as  a clay 
or polyethylene at  the  bottom of the  filter bed,  hence,  there  is no restriction 
on the  type  of soil tha t  can be used in these  filters. Even though  sandy  soils 
are too permeable to support  the  vegetation,  because  of the  restrictive layer 
a t  the  bottom of the  filter, a perched high ground water  table (water table at
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a shallow depth compared  to  the  natural w ater  table; results because  of any 
underlying impermeable layer) results which can support  the  vegetat ion.  
Similarly, highly permeable soils can also be used with a suitable artificial or 
clay liner.
Hydrological Considerations
Sys tem hydrology has  an important bearing on the  performance of 
th e se  tr ea tm ent  sys tem s .  Precipitation, infiltration, evapotranspiration (ET), 
hydraulic loading rate, and w ater  depth can all affect  the  removal of organics 
and trace e lements  not only by altering the  retention time, but also by either 
concentra ting or diluting the  wastewater .
For these  t rea tm en t  sys tem s ,  the  following w ater  balance equat ion is 
sugges ted  for use in design:
Qi - Q0 + P - ET = [dV/dt]  (2.5)
where,
Qi = influent w a s te w a te r  flow, volume/time,
Q0 = effluent w a s te w a te r  flow, volume/time,
P = precipitation, volume/time,
ET = evapotranspiration,  volume/time,
V = volume of water ,  and
t = time.
The above equation does  not include ground-water inflow and infiltration 
because  impermeable barriers are used in all of these  trea tm ent sys tem s .
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Hydraulic Loading Rates
Hydraulic loading rate for these  sys tem s  is depen d en t  on hydrological 
factors  which are site specific. Organic loading rate is also closely tied to the  
hydraulic loading rate. Hydraulic loading rates of 1 5 0 -500  m3/ha-d (16 ,GOO- 
5 4 ,0 0 0  gpd/ac),  have been reported, and in general,  the  site specific 
conditions of weather ,  soil conditions such as  permeability, and vegeta tion 
type  must  be considered in establishing the  hydraulic loading rate.
BODb Mass  Loading Rates
A m ass  loading rate of about  112 kg BOD5/ha-d (100 Ib/ac-d) is a 
typical upper loading rate. The mathematical  justification for this typical 
loading capaci ty w as  established by estimating the  oxygen transfer  capacity 
of the  vegetat ion supported by these  t rea tment  sy s tem s  (EPA/625/1-88/022) .
The process  of estimation of B0D5 loading is a tw o  s tep  process.  
Oxygen required and the  available oxygen for the  a ssu m ed  surface  area is 
calculated by:
Required Oxygen = 1 .5 B O D 5  (2.6)
Available Oxygen = (Tr 0 2)(AS)/1000  (2.7)
where ,
0 2 = oxygen required; BOD5 = organic loading, kg/d;
Tr 0 2 = oxygen transfer rate for the  vegetation,  20  g /m 2-d (EPA/625/1-
88/022);  and 
As = surface  area,  m2
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A safe ty  factor  of 2 is normally used in design so tha t  available oxygen 
is tw ice  the  required oxygen. Commonly used em ergen t  plants can  provide 
5-45 g 0 2/d per m 2 of the  filter surface  (45-400 Ib/ac-d). At a typical oxygen 
transfer  rate of 20  g/m2-d (180 Ib/ac-d), the  organic loading rate for a 
microbial filter should be 133 kg BOD5/ha-d (118 Ib/ac-d).
Retention Time
Trea tment  efficiency of these  systems is a function of retention time. 
The efficiency increases  with increase in retention time. Retention t ime is 
controlled by factors  such as,  hydraulic gradient,  hydraulic conductivity of the  
bed, vegetation,  and length of travel etc.  A retention t ime of 6-7 days  has 
been  reported to  be optimal for the  t rea tment of primary and secondary  
w a s te w a te r s .  Shorter retention t imes do not provide ad eq u a te  t ime for 
pollutant degradat ion to occur,  longer detention t imes can lead to s tagnan t ,  
anaerobic  conditions.
Vegeta tion for MRPF Sys tems
The role of vegeta tion in MRPF sys tems  is very important.  The major 
benefit of plants in the  sys tem  is tha t  they provide or transfer oxygen to the  
root zone.  Some advan tages  of vegetation are:
® the  root sys tem provides additional surface  area for the  growth
of microorganisms;
•  the  root sys tem  provides,  or trans locates  oxygen within the  filter
bed;
•  consumption of nutrients - N and P; and
•  root sys tem s  dissipate turbulence,  enhances  settling and 
adsorption.
Selection of Plant Types
The major benefit  of plants appears  to be transferring of oxygen to  the  
root zone (EPA/625/1-88/022) .  The stalks, roots,  and rhizomes penetra te  the  
soil or support  medium and t ranspor t  oxygen deeper,  including into the  zone 
under the  water  table,  than it would naturally travel by diffusion alone. The 
em ergen t  plants most frequently found in w a s te w a te r  we t lands  include 
cattails , reeds,  rushes,  bulrushes and sedges .
Cattails
Cattails (Typha spp.) are  present a lmost  everywhere  and are capable  
of thriving under diverse environmental  conditions.  They are easy  to 
propaga te  and thus  represent an ideal plant species  for th e se  types  of 
t r ea tm en t  sys tems .  These plants produce large am ounts  of biomass  but 
remove only limited amounts  of N and P, w hen  harvesting is practiced.  Cattail 
rhizomes planted at  approximately 1 m intervals can produce a d ense  s tand 
within 3 months .
Bulrushes
Bulrushes (Scirpus spp.) grow in a diverse range of inland and coastal  
waters ,  brackish and salt marshes  and wetlands.  Desirable tempera ture  and 
pH for th e se  type of plants are  16-27 °C (61-81 °F) 4-9  respectively.
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Reeds
Reeds (Phragmites communis) are tall annual grasses  with an extensive  
perennial rhizomes. These rhizomes penetrate  deeply,  hence  sy s te m s  utilizing 
t h e se  spec ies  are more effective in the  transfer of oxygen.
Performance of the  Trea tment  Sys tems
These  trea tment  sys tem s  can significantly reduce biochemical oxygen 
dem and  (BOD5), suspended  solids (SS), and nitrogen, as  well as  metals,  trace  
organics,  and pathogens .  The basic t rea tment  mechan ism s  include 
sedimenta tion ,  chemical precipitation and adsorption,  and microbial 
interactions with BOD5, SS and nitrogen, as  well as  som e  uptake  by the 
vegetation.  These t rea tm en t  sys tem s  were  also observed  to reduce  SS and 
fecal coliform levels and bring pH values to nearly neutral values  (EPA/625/1 - 
88 / 02 2 ).
The t rea tm ent  p rocesses  tha t  occur in th e se  sy s tem s  are similar to 
th o se  tha t  occur in other  forms of land treatment.  Removal of sett leable 
organics occurs  primarily as  a result of sedimentat ion.  Removal of colloidal 
and soluble organics occurs  primarily by aerobic microbial oxidation.
Total Suspended  Solids
Removal of suspended  solids removal is very effective in these  
t r ea tm en t  sys tems .  Most of the  removal occurs  within the  first f ew  meters  
beyond the  inlet, owing to the  quiescent conditions and the  shal low depth  of 
liquid in the  system. Lower velocities can  be ensured  by dispersing the  flow
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efficiently with a proper diffuser pipe. If the  w ater  in the  filter is not shielded 
from sunlight by vegetat ion,  algae can become a problem. Algae contribute 
to effluent SS and cause  large diurnal swings in oxygen levels in the  water  
column.
Biochemical Oxygen Demand
In th e se  t rea tm en t  sys tems ,  the  major source of oxygen for the  
subsurface  filter media appears  to be the vegetation (EPA/625/1 -887022) .  In 
t h e se  sys tem s ,  the  flow is designed to be below the surface of the  bed, so 
there  can  be very little direct atmospheric reaeration.  The selection of 
vegeta tion type  is an important factor in design of these  tr ea tm ent  sys tem s .  
The  depth  of root zone depends  on the type  of vegetation.  Cattails root zone 
ex tends  up to 3 0 0  mm, w hereas  the root zone of reeds ex tend up to 6 0 0  
mm, and th a t  of bulrushes  to 76 0  mm.
The physical removal of BOD is believed to occur rapidly through 
sett ling and en trapment  of particulate matter in the  void spaces  in the  gravel 
or rock media.  Soluble BOD is removed by microbes on the media surfaces  
and those  a t tached  to plant roots and rhizomes penetrating the  bed. Plant 
roots provide microsites of aerobic environment but the  remainder of the  filter 
bed can be expec ted  to be anaerobic.
Removal of BOD5 can be described by first-order plug-flow kinetics as 
given below:
Ce/CD = exp (-KtT)  (2.8)
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where ,
Ce = Effluent BOD5, mg/l
CD = Influent BOD5, mg/l
Kt = Temperature  dependen t  first order reaction rate constant ,
d 1
T = Hydraulic Residence Time, d
The c ross  sectional area for flow through a filter (subsurface  flow 
system) is calculated using the  following equation:
Ac = Q/(ks S),  (2.9)
where ,
Ac = (d.W), cross-sectional area of wet land bed, perpendicular
to the  direction of flow, m 2 
d = water  depth,  m
W = bed width,  m
ks = hydraulic conductivity of the  medium, m3/m 2-d
S = slope of the  bed, or hydraulic gradient (as a fraction or
decimal)
The bed width is calculated by the  following equation:
W = Ac/d  (2.10)
Cross sectional area and bed width are established by Darcy 's  law with 
anticipated laminar flow conditions :
Q = k6 Ac S  (2.11)
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Typical media types  include medium to coarse  sands  with BOD removal 
reaction rate cons tan t  (K20) values of approximately 1 .28  d'1. The combined 
effect  of large media size (with a resulting small porosity value) and low 
tem pera tu res  represent a sys tem  that  has not been studied and the  above 
equations  may not accurately predict the results. Media charac te ri s t ics  as  a 
function of size of the  media is indicated in Table 2.1.
Table 2.1:  Media Characterist ics as  a Function of Media Size











Medium Sand 1 0 .42 4 2 0 1 .84
Coarse  Sand 2 0 .3 9 4 8 0 1 .35
Gravelly Sand 8 0 .35 5 0 0 0 .8
Nitrogen
Biological nitrification/denitrification is believed to be the  major path of 
nitrogen removal.  It has been shown that  these  tr ea tm ent  sy s te m s  can  be 
managed  so a s  to fuel the  process  of denitrification by using carbon sources
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derived from biomass produced within the  filter. Retention t imes of 5-7 days  
were  observed to produce an effluent with TKN < 1 0  mg/L.
Phosphorous
Phosphorous  removal in these  sys tem s  is not very efficient. A 
significant clay con ten t  and the  presence  of iron and aluminum will enhance  
the  potential for phosphorus  removal. Use of such  soils will, however,  reduce 
the  hydraulic capacity  requiring a much greater area  for t rea tm ent.
Fecal Coliform
Fecal coliform reduction is due to sedimenta tion,  filtration, and 
absorption.  Sunlight has  been shown to have a lethal effect  on coliforms. 
Fecal coliforms die from unfavorable environmental  conditions,  including UV 
in sunlight and temperatures  unfavorable for cell reproduction.
2 .5 .2  European Design Criteria (Cooper)
1. The report  says  tha t  "it is not necessarily to recommend h o w  to design 
the  best  working system, since the  present knowledge does  not allow 
this,  but to prevent engineers and builders from construct ing sys tem s  
giving the  poorest  results".
2. Population Equivalent (pe): For BOD, the  value considered w a s  4 0  g/d 
for sett led s ew ag e  or septage .  For flow, the  value considered w a s  200  
liter/d.
3. Pre-treatment:  For Rock Bed Treatment (RBT) Sys tem s  screening and 
se t t lement  w as  sugges ted  as  a pre-treatment.  For small sy s te m s  (100
pe), a well designed septic tank w as  recommended.  For large systems, 
if a conventional primary settling tank is not possible, fine screening  to 
<  6 mm w a s  recommended.
Sizing: The following equat ion w as  sugges ted  to calcula te  the  bed area 
for removal of BOD:
Ah = Q(ln 0 o - In Ct) / Kbod  (2.12)
where ,
Ah = surface  area of bed, m 2
Qd = daily average  flow rate, m3/d
C0 =  daily average  BOD5 of feed,  mg/l
Ct = design average BOD5 of effluent, mg/l
K BOd = ra te  constant ,  m/d.
A value of 0.1 w a s  sugges ted  for KB0D unless better data  from 
te s t s  are available. Because  of the  uncertainty as to  the  value of KB0D 
an area of 5 m 2/pe w as  recommended as  appropriate for sett led 
domest ic  s ew a g e  or septic tank  effluent to p roduce an average  effluent 
of 3 0  mg/l concentrat ion.
Width: For soil beds,  the  inlet length sugges ted  w a s  0 .1 7  to 0 .4 0  
m/pe.  For gravel beds,  Darcy's  Law w as  recommended  to use with a 
hydraulic conductivity (kf) of 10'3 m/s.
It w as  sugges ted  to keep the  surface of the  bed to  be flat to avoid 
overland flow.
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7. Slope: Minimum bed slope, not exceeding 1 percent,  w as  sugges ted .
8. Depth: Average recommended bed depth w as  0 .6  m.
9. Freeboard: It w a s  recommended tha t  0 .5  m of free-board above  the  
bed surface  is provided to allow for growth and collection of debris 
over a 10-20  year  period.
10. Sealing the  Bed: If the  soil on site has a hydraulic conductivity (kf) 
value of 1 0 8 m/s or less, it is likely to have a high clay con ten t  and 
may be puddled to seal the bed. If it exceeds  this value it w as  
recommended  to  seal the  bed with a plastic liner or bentonite.
11. Media: If the  intention is to use the  local soil for the  bed medium, it 
w a s  recommended  tha t  kf is measured in situ. If this is less than 1 x 
1 0 5 m/s,  it w as  recommended not to use that  soil but to use  gravel or 
a uniform coarse  material.
12. Inlet Flow Distributor: It w as  recommended to use a simple pipe with 
t e e s  or orifices which can be adjusted to produce even distribution. 
Tipping trough distributors were proved to be very effective for small 
beds.  The inlet distributor pipe were  expected to be capable  of easy  
cleaning (e.g. by flushing). Use of a catenated or Vee-notch weir w as  
not recommended.
13. An inlet zone 0 .5  m wide filled with 60  mm to 100  mm s tones  were  
used in soil sy s tem s  as an inlet zone to spread the  flow from the
distributor pipe. Wire mesh gabions were  useful to retain the  inlet zone 
s tones  in position. For gravel beds,  the  s tone  inlet zone is not needed.
14. Outlet Arrangements:  For soil beds,  it w as  recommended to use a 0 .5  
m wide s tone  collector (60 mm to  100  mm size) with a slotted pipe 
running along the  base.  For the  inlet, it w as  recommended  to use a 
gabion to retain the  s tones .  If gravel is used,  the  s tone  collector may 
not be necessary .  It is essential to provide som e method of raising and 
lowering the  water  level in the  bed. This should not be done by use of 
s top  logs since they tend to leak and the  dis tance  dropped by 1 log 
may result in surface scouring. The use  of a swivelling 90° e lbow at  
the  outlet  pipe connection w as  recommended.
15. Planting and Establishment: Beds can be planted with,
(i) rhizome sections
(ii) clumps of reeds and
(iii) seedlings.
The use of seedlings, planted in May or J u n e  w as  recommended. 
A density of 4  seedl ings /m2 w as  recommended.  It is possible to plant 
from March until the  end of October  but the  m os t  successfu l  planting 
were  with those  planted in May/June .
16. The bed medium must be kept moist after planting. It w as  
recommended tha t  the  water  level be kept 5 cm above  the  ground level
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(to kill weeds).  Feeding of plants with a s tandard  fertilizer in year  1 is 
usually necessary  for plants in gravel especially w h en  treating 
secondary  effluent. During bed construction and planting, compaction 
of the  medium should be avoided.
17. Weed Control is best  affected by using a bed with a level surface  and 
flooding to a depth  of 5 cm above the  ground. For beds  planted in 
spring/summer,  it w as  sugges ted  tha t  the  flooding should be used for 
the  first 3 months  of establishment.  For plants s eeded  in au tumn,  
flooding for weed  control should be delayed until the  reed "spikes" 
s h o w  through in spring. A period of flooding may be beneficial in the  
second  season. It should not be necessary  to flood after the  bed has 
gone through tw o  growing seasons .
In general,  the  exper iences  gained in the  years elapsed sh o w ed  that  
BOD5 removal w as  80  - 9 0 % ,  with a typical outlet concentra tion of 20  mg/l.
2 .5 .3  T ennessee  Valley Authority (TVA) Design Criteria
A construc ted  wetland system (CW) trea ts  w a s te w a te r  th rough natural 
w a te r  quality improvement p rocesses  (physical, chemical,  and biological) tha t  
occur  in natural wet lands.  Proper design,  construction,  and opera tion of a CW 
optimize the  processes .  Trea tment  by CW can be effective,  reliable, simple, 
and relatively inexpensive as  compared to conventional sys tem s .  The 
guidelines provided by the  TVA design criteria assist  the  environmentalist  and 
engineer in designing a "small" CW, wha t  is defined as  a sy s tem  tha t  handles
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up to  1 0 ,0 0 0  gallons per day. However,  most fea tures  of the  guidelines are 
appropria te for larger sys tem s .  CW's  are site specific. All designs  should be 
prepared and reviewed on a site-by-site basis. It w a s  mentioned that ,  since 
CW is relatively a new  technology, these  guidelines may undergo future 
revisions as  additional information is obtained. TVA design procedure is 
presented  below:
Design Procedure
1. Surface Area: Determine CW surface area based on a surface  hydraulic 
loading criteria of 1.3 square  feet  of total surface  area per gallon per 
day (ft2/gpd).
2. Cross-sectional Area: Calculate the  cross-sectional area based  on the  
hydraulic loading and organic loading rates.
Hydraulic Loading: Calculate the  cross-sectional area  based on the  
hydraulic loading and Darcy 's  Law, using a relatively low hydraulic 
gradient (bed slope) up to 1 percent and a conservative  long-term 
hydraulic conductivity (850 feet  per day). For a flat bottom (0% slope), 
a s sum e  a hydraulic gradient of 0 .25  percent for the  calculation. For 
sloping lots, bed s lopes up to 2 percent can be used  to minimize cut 
and fill.
Organic Loading: Calculate area based on an organic loading criteria of 
1 square  foot per 0 .0 5  lb BOD per day. Select  the  larger of areas  
calculated as  above.
Depth: Select  an influent end subst ra te  depth of 12 to 18 inches.  Use 
a 12 inch depth  to provide the  best  tr ea tm ent  which a ssu re s  flow 
through the  most effective portion of the  plant root zone.  Aerobic 
microorganisms tha t  degrade w as te  organics obtain oxygen from the  
plant roots.  Most of the  root biomass will be in the  top 12 inches.
An 18 inch depth  with a surface area of 0 .8 7  ft2/gpd will need 
to be used if the  available surface  area is limited by the  lot size or 
shape .
The difference be tw een  the  influent and effluent dep ths  should 
not be greater than 6 inches.  (A sloped bed and a flat surface  will 
result in a deeper effluent end than an influent end.)
Width: Determine the  effective width (at the  bottom of cell, not the  top 
which will be wider with side slopes) based on c ross-sect ional area  and 
depth.
Length: Determine the  effective ceil length (at the  bot tom of cell) based 
on surface  area and width.
Single Cell Sys tem - The calculated length of the  cell sy s tem  is 
the  length (at the  bottom) of a single cell.
Two Cell Sys tem - If the  in-situ soil percolation rate is 120  
minutes/inch or higher, use a two-cell sy s tem  to  achieve  either zero or 
minimal discharge  due  to water  loss through percolation and  evapo-
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transpiration from the  sys tem. The length of each  cell is one-half  the  
sys tem  length, and thus  one-half the total area.
2 .5 .4  Subsurface  Flow Constructed Wetlands for W as te w a te r
Trea tment  - S ta tus  and Prospects  (Reed, 1993)
This report  reviews the  current s ta tus  of the  use  of subsurface  flow 
cons t ruc ted  wetlands  in the United States  for w a s te w a te r  tr ea tment .  After 
a thorough review, relevant information is presented in the  following sec tions .
2 .5 .4 .1  Performance Evaluations
Based on the  Tennessee  Valley Authority (TVA) design criteria and 
ass i s tance ,  there  were  at  least 80  subsurface  flow sy s te m s  by 1991 in 
several  S ta tes .  These  sys tem s  range in size from on-site single family units 
to  larger municipal sys tem s  (3785 m3/d or 1 mgd). A plant const ruc ted  
recently a t  Bear Creek, Alabama has a hydraulic loading of abou t  3 cm/d (1.2 
in/d)(31 ac/mgd) .  The current TVA recommendat ion for small sca le  sy s tem s  
using a septic tank  and a filter bed depth of 0 .5  m (1.5 ft) is 5 cm/d (1.8 in/d) 
hydraulic loading (20 ac/mgd).
Som e of the  design flows, corresponding trea tment ,  and calculated 
design hydraulic loading rates for a few sys tem s  are show n  in Table 2.2:
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Table 2.2: Design Flows, Treatment Areas, and Hydraulic
Loadings (Reed, 1993).
Location Design Flow 
(m3/d)





Greenleaves,  LA (M) 5 6 4 0 .4 4 1282
Degussa  Co., MS (I) 6 7 3 7 0 .8 9 7 5 7 0
Bear Creek, AL (D) 59 0 .2 0 295
Monterey,  VA (M) 83 0 .0 2 4 1 5 0
Denham Springs,  LA (M) 6 5 4 8 6 .15 1065
Benton, LA (M) 378 0.61 6 20
Haughton,  LA (M) 38 0 0.61 623
Carville, LA (H) 46 5 0 .2 6 1788
Mandeville, LA (M) 4 6 3 3 1.85 2 5 0 4
Benton, KY (M) 685 1.46 46 9
Hardin, KY (M)1 2 3 6 0 .3 2 738
Hardin, KY (M)2 186 0 .3 2 581
Utica, MS (M)3 189 0.61 3 1 0
Utica, MS (M)4 4 1 6 0.81 51 4
Note: A. Letters in parenthesis s h o w  type of w as tew a te r  treated.
(M = Municipal, I = Industrial, D = Domestic,  and H = Hospital) 
B. 1 - Phragmites bed, 2 - Scirpus bed, 3 - North System, 
and 4  - South  System.
BOD Removal
Analysis of the  BOD loading and BOD removal data  of the  sys tem s  
mentioned in the  above table reveal the  following important information:
•  A plot be tween  the  BOD5 input versus  the  BOD5 outpu t  indicated no 
particular relationship. All effluent values were  well below 20  mg/l 
level which is a common permit requirement. Such values were  
achieved regardless of the  input concentrat ion (with a maximum BOD5 
loading of 60  mg/l). These sys tem s  typically cannot  produce an
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effluent BOD5 much below 5 mg/l due to the  decomposi t ion of the  
natural organic materials present in the  system.
•  Data on the  hydraulic residence t imes (HRT) and the  BOD removal 
efficiency sh o w s  tha t  up to a period of 24  hours, the  removal of BOD 
is strongly dependen t  on HRT and only improves slightly thereaf ter ,  up 
to  an HRT of 7 .5  d.
•  Data on the  a spec t  ratio (L:W) and BOD removal efficiency did not 
indicate any relationship be tween  the  a spec t  ratio and BOD5 removal 
capabilities.
•  A linear relationship w as  observed be tw een  the  m ass  organic loading 
and the  m ass  removal rates based on the  loading rates indicated in 
Table 2 .502 .  The relationship is given by (Reed, 1993):
Y = 0 .6 5 3  X + 0 .2 9 2  ...... (2.13)
where ,  X = BOD5 mass  loading (kg/ha/d)
Y = BOD5 mass  removal (kg/ha/d)
The r2 value for the  curve fit w as  0 .9 7  indicating an excellent 
correlation.
TSS Removal
Removal of suspended  solids w as  observed to be very effective in SF 
cons t ruc ted  wet lands.  Most of the  removal probably occurs  within the  first 
f ew  mete rs  from the  inlet zone.  Available data indicated tha t  irrespective of 
the  input TSS loading, all of the  sys tem s  produced a final effluent with less
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than  20  mg/l TSS. Comparison of TSS removal efficiency and HRT indicated 
a similar relationship to tha t  observed be tween  BOD removal efficiency and 
HRT. After an HRT of one day there  is little improvement in the  removal of 
su sp en d ed  solids. Also, there  appears  to be no relationship be tw een  the  
sy s te m  a sp e c t  ratio and TSS removal.
Nitrogen Removal
Biological nitrification followed by denitrification is believed to be the 
major mechanism for nitrogen removal in these  sys tems .  Plant t is sue  analysis 
a t  several  locations indicate tha t  a single annual harvest  of the  plant material 
might a cco u n t  for ten  percent or less of the  nitrogen removed by the  sys tem.  
The following observations are important to note:
•  Data on ammonia input and output indicated tha t  there  w a s  a net 
production of ammonia as  the  w as tew a te r  passed  through the  bed at  
least  for half of the  sys tem s  listed in the  Table 2.2.  The source  of this 
"extra" ammonia  w as  believed to be from the anaerobic  decomposit ion 
of the  organic nitrogen trapped in the  bed as particulate matter.  Since 
the  bed is anaerobic there  is then insufficient oxygen available in the  
bed to  oxidize this ammonia to nitrate.
•  Comparison of data  on HRT versus  ammonia  removal displays a 
marginal or negative ammonia removal rate regardless of the  detention 
t ime in the  system.
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•  Comparison of the  total m ass  removal rate for total kjeldahl nitrogen 
(TKN) to  the  m ass  loading for six sys tem s  studied did not d em onst ra te  
any correlation.
Phosphorous  Removal
Phosphorous  removal in most constructed wet land sy s tem s  is not very 
effective b ecause  of the  limited con tac t  opportunit ies be tw een  the  
w a s te w a te r  and the  soil. No relation be tween  phosphorous  input and outpu t  
va lues  w ere  observed.
Fecal Coliform
These  SF sys tem s ,  in general,  are capable of abou t  a one  log reduction 
in fecal coliforms, which in many cases  is not enough to routinely satisfy 
discharge  requirements  which often specify less than or equal to  2 0 0 / 1 0 0  ml. 
Peak flows in response  to intense rainfall events  also were  observed  to 
dec rea se  removal process  efficiencies for fecal coliforms.
2 . 5 .4 .2  Design Considerations 
Hydraulics and Hydrology
The basic objective of the  SF wetland t rea tm en t  co n ce p t  is the  
main tenance  of flow benea th  the  surface of the  media in the  bed. However,  
a significant number of operating SF constructed wet lands  are exhibiting 
varying degrees  of surface  flow on top of the  media bed. When subsurface  
flow conditions are expec ted  in the  SF wetland bed it is com m on practice to
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use  Darcy 's  Law, which describes the  flow regime in a porous media. Darcy's  
Law is typically defined with equation given below:
Q = kBAS  (2.14)
where ,
Q = flow per unit time, m3/d
ks = hydraulic conductivity in the  flow direction, m3/m 2/d
A = total cross-sectional area,  perpendicular to flow, m 2
S -  hydraulic gradient of the  flow sys tem  (dh/dL), m/m
Darcy 's  Law may not be strictly applicable to subsurface  flow wetlands  
b ecau se  of physical limitations in the  actual  sys tem  since the  Q may vary due 
to  precipitation,  evaporation,  and seepage;  short  circuiting of flow may occur 
d ue  to unequal porosity or poor construction,  and similar factors.  However,  
Darcy 's  Law remains as  the  only reasonably access ible model.
BOD Removal
W hen process  kinetics were  given consideration,  m os t  of the  existing 
sy s te m s  in the  U.S. and Europe were  designed as  an a t tached  growth 
biological reactor using a first order plug flow model indicated below:
Ce/C0 = exp(-KTT)  (2.15)
where ,
Ce = effluent BOD5, mg/l
CQ = influent BOD5, mg/l
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Kt = tempera ture-dependent  first-order reaction rate cons tan t ,  d '1
T = hydraulic residence time, d
Tracer s tudy conducted  using lithium chloride a t  Carville, LA indicated 
th a t  the  flow conditions in these  sys tems  are fairly close  to plug flow 
conditions  (Reed, 1993).
The "T" or hydraulic residence t ime may be given by the  equation,
T = (n L W d)/Q  (2.16)
where ,
L = bed length,  m
W = bed width, m
d = depth of submergence ,  m
n = effective porosity of media, % as  a decimal
Q = average flow rate through the system, m3/d
The  tempera ture  dependence  of the  rate cons tan t  (KT) is given as:
Kt = K2O(0),t-2O)  (2.17)
where ,
Kt = rate constan t  a t  temperature  T, d 1
K20 = rate cons tan t  a t  20  °C, d'1 = 1 .104
6 =  1 .06
As = (L)(W) = [Q(ln CD - In CJ] / (KT d n) .......(2.18)
where ,
Ab = bed surface area,  m2
The sizing of the  SF bed can be calculated in an iterative process
detailed below:
1. Determine the  media type ,  vegetation,  and depth  of bed to be used.
2. Determine the  surface  area of the  bed with equation 2 .18 .
3. Depending on site topography select  a preliminary a sp ec t  ratio (L:W), 
0 .4:1 up to 3:1 are generally acceptable .
4. Determine bed length and width from the  previously a ssum ed  a spec t  
ratio, and results of s tep  2.
5. Using Darcy's  Law (equation 2.14) check  to be sure tha t  there  is 
sufficient hydraulic gradient available for the  calculated bed length. 
Adjust  bed length (and bed width) if necessary .  The maximum 
available hydraulic gradient is equal to the  bed depth  divided by the 
length. In sizing the  bed it is prudent to use  about  half of the  apparent  
hydraulic conductivity in the  calculations and to make ad jus tments  in 
the  bed dimensions if more than half of the  available hydraulic gradient 
is required for initial flow conditions.
6. It is not valid to use equation 5 with effluent BOD (Ce) values  below 5 
mg/l. These  wetland sys tem s  export  a "background"  level of BOD due 
to decomposi t ion of the  natural organic detri tus in the  system.
TSS Removal
A kinetic model is not available to adequate ly  descr ibe  suspended  solids
removal.  It would appear tha t  with an HRT of about  1 d the  TSS will be
removed to a level of about 10 mg/l. As a "rule of thumb,"  it can be a ssumed 
if the  s y s te m  is designed for a certain level of BOD removal, the  TSS removal 
will be comparable  as  long as  significant long te rm surface  flow does  not 
occur.  Long term surface flow can result in short  circuiting and the  addition 
of TSS to  the  flow s tream in the  form of algae and plant detritus.
Typical designs  used for SF const ructed wet lands  are given in the  following 
table  (Jones ,  1990),  Table 2.3.
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Table 2 .3 :  Design Criteria Adopted for Haughton, Benton, and  Denham
Springs,  LA MRPFs
Parameter  Haughton Benton Denham Springs
Depth of no w ater  zone 6" 6" 6"
Depth of rock filter and w ater 18" 18" 18"
W  x L 60 '  x 93 0 ' 6 6 '  x 9 3 0 ' 2 1 5 '  x 10 5 0 '
L to  W ratio 15 to 1 14 to 1 5 to 1
Area (acres) 1.5 1.4 15 .55
Influent BOD/SS(mg/l) 30-90 30-90 3 0 -9 0
Detention t ime (hours) 24-48 24-48 24-48
BOD loading - 56.7- 73.1- 46 .7 -
lbs BOD/acre/day 170.3 2 19 .5 140.1
BOD loading - 63.6- 190.8- 52 .4 -
Kg BOD/hectare/day 190.8 2 4 5 .9 157.1
Design Flow (MGD) 0.35 0.31 4 .0
Hvdraulic loadina:
m3/hectare /day 2 1 2 6 .0 27 3 1 .5 1 7 4 4 .6
gal/f t3/day 3.5 4 .0 3 .9
MG/acre /day 0 .23 0 .2 2 0 .2 6
Acres/MGD 4.41 4 .55 3 .8 9
Hec ta re s /m 3.day 4 .7  x 1 0 4 3 .6 6  x 10 4 5 .7  x 10  4
Vegeta tion Bulrush Bulrush Bulrush
Softrush Canna  Lily Canna  Lily
Canna Lily Cattail 
Arrowhead 
Water iris
Pre- treatment 1-Cell 1-Cell 1-Cell
lagoon lagoon lagoon
(BOD5/acre/day) (50) (50) (50)
Percent  Voids (%) 22 47 45
3 . R esearch Program
3.1 Objective and Scope
The  main objective of this s tudy w as  to verify and model/formulate the  
variation of reaction rate cons tan ts  as a function of microbial activity along 
the  filter length in MRPF sys tems .  The specific objectives of the  s tudy  were:
•  Verification of the  applicability of the  first order BOD removal 
reaction kinetics and the  second order BOD removal reaction 
kinetics through field studies and literature review.
•  Investigation of the  variation of BOD rem oval reaction rate
constant (Kl along the fitter length.
•  Calculation of the  microbial activity along the  filter using suitable
techniques .
•  Modeling the  variation of rate cons tan t  as  a function of
microbial activity in the  filter which in turn  may be 
influenced by other variables such  a s  pH, tempera ture ,  
dissolved oxygen content,  and nutrients.
The research program included the  field monitoring work  a t  the  MRPF 
located in Benton, LA. At this MRPF, w a s te w a te r  is first t rea ted  in an 
oxidation pond and then passed through MRPF for polishing prior to disposal.
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3 .2  Site Description
The tow n  of Benton, Louisiana is located in Bossier Parish on the  eas t  
bank of the  Red River, twelve miles north of Bossier City, Louisiana. The 
population from the  U.S. Bureau of Census  for Benton for 1 9 7 0  w a s  1493 
with a total number of 4 4 9  housing units. The population as  per C ensus  for 
1 9 9 0  w a s  2 0 30 .  The average  annual precipitation for Benton is 4 0 .3 9  
inches.  The existing s ew a g e  collection sys tem w as  cons t ruc ted  in 1955 .  The 
collection lines are 6" to 15" vitrified clay pipes. The es timated average  dry 
w ea th e r  w a s te w a te r  flow is 7 5 ,0 0 0  gallons per day, with an average  per 
capita f low of 45  gallons per day [Benton Town Report/  Terry Denmon & 
Associates].
Design Data (Benton Town Report/  Forrest. G.L.. Mavor of Benton):
The following design information w as  taken from the  design symposium 
on MRPFs, and information supplied by the  Benton city engineer. The Benton 
MRPF receives its influent from an oxidation pond. The details of the  filter are 
given below:
® Length to width ratio is 14:1.
•  The first 6 0  percent of the  length contains 2 '  deep  large rock
with 6" small rock on top,  the  last 4 0  percent of length contains  
V  deep  large rock with 6" small rock on top.
•  Design influent concentra tions  to MRPF from the  lagoon is 50
mg/l of BOD5 and 50  mg/l of TSS.
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•  Expected effluent from the filter is to contain BOD5 values  less 
than  10 mg/l and TSS values of 10 mg/l or less.
•  During summer,  plants are expected to dissipate 15 to 25 
percent of the  w a s te w a te r  to the  a tm osphere  through 
evapotranspiration.
•  Types  of plants proposed for Benton filter: Bulrush, Soft  Rush,
Canna Lilly, and Arrowhead.
•  Filter medium consis ts  of limestone, granite or concre te  
aggregate .  The size of aggregate  are: bottom rocks - 2" to 3", 
top  rocks - 3 /4"  to 1". Porosity for 2" to 3" rock: 4 7  percent.
3 .3  Field Monitoring Program
The field sampling w a s  carried out from J u n e  1 9 9 3  to October  1993. 
The sampling plan w as  designed to te s t  and evaluate  the  proposed research 
objectives.  A total of 4  s e ts  of data  for w as tew a te r  characterization were  
genera ted  in the  month of J u n e  1993  (Data Se t 1 or DS 1), 4  s e ts  of da ta  in 
July,  1 9 9 3  (Data Set 2 or DS 2) and 4  se ts  of data  in late October ,  1993 
(Data Se t  3 or DS 3) for w as tew a te r  characterization. A total of 12 se ts  of 
da ta  w ere  genera ted to characterize the w a s te w a te r  at  each  of the  ten  (10) 
sampling locations described in section 3 .3 .2 .  Approachability, cos t  of the  
sampling,  cos t  of the  laboratory analysis of the  samples ,  and time 
requirements  were  important considerations in selection of the  sampling 
points.  Parameters  monitored for w as tew ate r  characterization included total
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BOD5, soluble BOD5, temperature ,  pH, ammonia nitrogen, and dissolved 
oxygen. Total suspended  solids (TSS) and chemical oxygen dem and  (COD) 
were  measured  in only the  last 4  se ts  of samples.  Sampling w a s  done  in 
replicates (two).
Microbial activity present in the  filter medium were  quantified during 
th ree  sampling periods a t  each  of the  eight (8) sampling locations within the 
filter. Influent and effluent points are si tuated outs ide  the  filter and do not 
have  filter media, hence ,  they  were  not considered in the  analysis.  Total 
solids a t tached ,  volatile solids a t tached and inorganic solids a t tached  to the 
filter medium were  measured in the  last se t  of filter medium samples  (October 
1993) collected from each of the eight sampling locations.
3.3 .1  Tracer Study
To calculate the  retention time in the filter and also to charac terize  the  
flow conditions,  a tracer s tudy w as  conducted  at MRPF, Benton, LA. Lithium 
chloride (LiCI2) w as  used as tracer for the  study by adding a solution of lithium 
chloride,  in a single batch,  to the  influent of the  filter. Approximately one 
hundred gallons of this solution is needed for every one  million gallons per day 
of actual  influent flow into the  MRPF. A total of 10 gallons of lithium chloride 
solution w a s  applied to the  filter.
Sampling Method
An automatic  ISCO continuous sampler w as  used  to  collect the  samples  
every 2 hours  for a period of 2.5 days.  This sampler w a s  capable  of
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collecting 30  sequential,  discrete samples  and w as  programmable  for delay in 
first sample  collection. The continuous sampler w as  se t  up a t  the  mid point 
of the  filter. The samples were  acidified on site with nitric acid to lower the  
pH to a value below 2 and were  then t ransported  to Baton Rouge for analysis 
for lithium (Li) concentration.
Lithium Analysis
Acidified samples  brought from the  site were  analyzed for lithium (Li) 
concentra tion using Atomic Absorption Spec trophotometer  available in the  
Hazardous W aste  Laboratory a t  LSU. The analysis w as  done as  per SW846,  
Method 7430(6)  for lithium. The detect ion limit for lithium w as  0 .0 5  ppm.
3 . 3 . 2  Characterization of W as tew ate r
The sampling plan w as  designed to collect samples  from different 
points along the filter length. A total of 10 sampling locations, including one 
influent point and one effluent point were  monitored.  Eight sampling locations 
chosen  were  along the cente r  line of the  filter running lengthwise,  a t  d is tances  
as sh o w n  in Table 3.1:
The selection of sampling points w as  based on the  approachabili ty and 
co s t  of the  sample collection. Cast  iron pipes were  designed with pointed end 
at  the  bottom such tha t  they  could be driven into the  filter bed with ease.  
Openings of 1.5" X 0 .2 5 "  were  made on the  bottom length of the  pipe to a 
suitable height to allow w as tew a te r  to flow into the  pipe from the  total depth 
of w a s te w a te r  in the  filter. A manual suction pump w as  used to collect the
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w a s te w a t e r  samples.  At each  location, samples  were  collected for soluble 
BOD5 and total BOD5 analysis. Temperature ,  pH, dissolved oxygen, ammonia  
nitrogen values  were  also measured at  each point. Tempera ture ,  pH and 
dissolved oxygen at  each  sampling point were  determined as  described in later 
sec t ions  using direct m easurem ent  instruments.
Table 3 .1: Description of Sampling Locations
Sampling Locations* Distance, ft (m)
Influent - Point 1 75 (22.9)
Point 1 - Point 2 72  (21.9)
Point 2 - Point 3 189 (57.6)
Point 3 - Point 4 65 (19.8)
Point 4 - Point 5 7 0  (21.3)
Point 5 - Point 6 100 (30.5)
Point 6 - Point 7 68  (20.7)
Point 7 - Point 8 39  (11.9)
Point 8 - Effluent 88  (26.8)
* The sampling points were  located along the  cen ter  line running length
wise.
3 .3 .3  Measurement of Microbial Activity
Changing conditions along the  filter length can influence the  microbial 
activity along the  filter. Most of the  biomass would be a t tached  to the  filter 
media,  hence  a known volume (approximately 5 0 0 0  cubic centimeters) of the  
filter media w a s  extracted from the  bed. Fluorescein diace ta te  (FDA) 
hydrolysis w a s  used to est imate  microbial activity in the  filter rock samples  
collected from the  filter bed.  The method involved use  of FDA to develop 
fluorescence  and then measuring absorbance  using a colorimeter a t  a
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w aveleng th  of 4 9 0  nm . A detailed methodology is described in later 
sec tions .
3 . 4  Methods  and Procedures
3 .4 .1  Total BODg
Biochemical oxygen demand (BOD) is usually defined as  the  am oun t  of 
oxygen required by bacteria while stabilizing decom posab le  organic matter 
under aerobic conditions.  The term "decomposable"  may be interpreted as
meaning tha t  the  organic matter  serves  as food for the  bacteria,  and  energy
is derived from its oxidation (Swayer  and McCarty, 1978).  Determination of 
total BOD5 w a s  performed according to the method given in "Standard  
Methods  for the  Examination of Water and W as tew ate r ,"  sec tion 5 2 1 0  B 
(18th edition).
3 . 4 . 2  Soluble BOD5
The procedure  for m easurement  of soluble B0D5 w a s  the  s am e  as  the  
procedure  for total BOD5, excep t  the  w as tew a te r  samples  were  filtered 
through 0 .4 5  micron glass microfiber filter at the  beginning of the  exper iment 
to remove the  suspended  solids.
3 .4 .3  Chemical Oxygen Demand (COD)
Chemical oxygen demand (COD) of the  w a s te w a te r  sam ples  w as  
determined according to the  method given in "Standard Methods  for the  
Examination of Water and W astewate r ,"  section 5 2 2 0  B (18th  edition).
49
3 .4 .4  Total Suspended Solids (TSS)
Total suspended  solids present in w as tew a te r  samples  were  measured 
as  per the  method sugges ted  in the  "Standard Methods for the  Examination 
of Water  and  W as tew ate r , "  section 2 5 4 0  D w as  followed.
3 .4 .5  Dissolved Oxygen
Dissolved oxygen w a s  measured using a portable, direct  reading type,  
dissolved oxygen meter manufactured  by YSI Co. Inc. The YSI dissolved 
oxygen mete rs  determine DO in mg/l on 1-10 and 0 -20  mg/l scales.  
Temperatu re  is indicated in °C on a -5°C to + 4 5 °C  scale. Both dissolved 
oxygen ranges  are automatically temperature  com pensa ted  for solubility of 
oxygen in w a te r  and permeability of the  probe membrane.
3 .4 .6  Hydrogen Ion Concentration
Hydrogen ion concentra tion (pH) in w a s te w a te r  samples  w a s  measured  
using a portable, battery opera ted,  pH meter manufactured  by Corning Inc. 
The pH readings were  easy  to record from a direct readout display.
3.4 .7  Ammonia Nitrogen
For analysis of ammonia nitrogen present in the  w a s te w a te r  samples,  
an ins trument  containing Ammonia Ion Selective Electrode manufactured  by 
Fisher Scientific w as  used. The results were  obtained in mg/l.
3 .4 .8  Temperature
Tempera ture  of the  w a s te w a te r  samples  w as  measured  using a field 
the rm om ete r  calibrated in degrees  centigrade.  The m easurem ent  w as  carried
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immediately after the  samples  were  collected from the  filter bed to get  the  
bes t  est imates .
3 .4 .9  Microbial Activity
Surface  area is a very important parameter influencing the  microbial 
density  and activity. Hence, a common size range of the  filter rock w a s  used 
to minimize the  influence of surface  area  on microbial activity be tw een  
samples .  Samples collected from the filter bed were  sieved to obtain filter 
rock of size 1 /2" to 3/8".  This particular size range has  been chosen  because  
of the  workability. A uniform composit ion of size of the  filter rock was  
assu m ed  along the  filter length.
Microbial activity w a s  determined by modification of the  Fluorescein 
Diaceta te (FDA) method. FDA is hydrolyzed by a number of different enzymes  
com m on to most microorganisms, such as proteases ,  lipases, and e s te rases .  
The product of this enzymatic  conversion is f luorescein,  which can  be 
quantified by fluorometry or spectrophotometry .  Laboratory procedure  for 
FDA method for estimating microbial activity in soils descr ibed below. 
Reagents
1. FDA Stock Solution: Add 0 .2 0 0  g fluorescein d iaceta te  to 100  ml 
ace tone .  Store in freezer.
2. Phospha te  Buffer: Add 1 .2419  g of Sodium Phosphate  Dibasic 
(NaH2P 0 4 H20) and 7 .2 4 0 0  g of Sodium Phosphate  Monobasic
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(Na2H P 0 4) to 1 I volumetric flask and bring to volume with deionized 
water .
Procedure
1. Weigh 1 g w e t  wt.  sample  into 25 0  ml Erlenmeyer flask add 50  ml 
phospha te  buffer.
2. Add 0 .5  ml FDA solution.
3. S topper  and incubate 1 h at  27 °C on a rotary shaker  (200 
revolutions/min.).
4.  After exactly 1 h, add 50  ml acetone.
5. Swirl and decan t  3 0  ml into centrifuge tube .
6. Centrifuge at 6 0 0 0  rpm until sediment  is pelleted. A duration of 5 
minutes may be enough.
7. Filter through # 3 Whatman using filtration rack.
8. Read at  4 9 0  nm with spectronic 2 0 0 0  colorimeter.
9. Calculate the  oven dry equivalent weight of sample  by gravimetric 
determination of moisture content of companion sample.
Controls
Weigh 1 g w e t  weight sample into 25 0  Erlenmeyer flask, add 50  ml ace tone  
and  50  ml phosphate  buffer. Let s tand a few minutes.
The following changes  have been made in the  above p rocedure  used for 
soils in order to  determine the  microbial activity in the  filter rock which is 
higher in size compared to soil grains:
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Approximately 50  gm of the filter rock has  been  used a s  agains t  1 gm 
of soil. More quantity,  50  gm, of the  filter rock w as  chosen  because  the  filter 
rock will have less surface  area  compared  to tha t  of the  soil having the  sam e  
weight .  By choosing more quantity of the  filter rock, a measurable  fluorescein 
color has  been obtained. The reagents  quantity w as  doubled for each  of the 
exercise.  A 100  ml of phosphate  buffer, 1 ml of FDA solution and 100  ml of 
a ce to n e  w a s  used. Reagents  quantity w as  doubled in order to  provide good 
c o n tac t  be tw een  the  reagents  and the  filter rock. Centrifuging w a s  done  at  
6 0 0 0  rpm for a longer duration,  for a period of 15 minutes.  Filtration using 
a #  3 W hatm an  paper w as  not carried out as  the  sample  w a s  clear without 
any  sedim ents .  FDA standard  curve procedure is descr ibed below.
Reagents
1. FDA Stock Solution: Add 0 .2 0 0  g fluorescein d iace ta te  to 10 0  m! 
ace tone .  Store in freezer.
2. Phospha te  Buffer: Add 1 .2419  g of Sodium Phospha te  Dibasic 
(NaH2P 0 4 H20)  and 7 .2 4 0 0  g of Sodium Phospha te  Monobasic 
(Na2H P 0 4) to 1 I volumetric flask and bring to volume with deionized 
water .
3. Fluorescein Standard: Weight 0.1 gm FDA into a 1 0 0 0  ml er lenmeyer 
flask. Add 25  ml ace tone  and swirl to dissolve FDA. Add 
approximately 3 0 0 -3 5 0  ml H20  and heat to boiling. Continue to heat
at  s low boil for 1 hour. Quantitatively transfer  solution to 50 0  ml 
volumetric and bring to  volume. Store in 1 I flask.
Procedure
1. Add 25 ml buffer and 25 ml ace tone  to  each  of the  five 2 5 0  ml 
Erlenmeyer flasks.
2. Add 0,  20,  40,  60,  100  ml of fluorescein s tandard  to the  above flasks 
and label.
3. The above flasks will contain 0, 57,  89,  109, and 133 ug/ml of 
fluorescein concentra tion.
4. S topper and incubate on a rotary shaker at 27  °C for half an hour at 
2 0 0  revolutions/minute.
5. Swirl and decan t  3 0  ml into centrifuge tube .
6. Centrifuge at  6 0 0 0  rpm until sedim ent is pelleted. A duration of 15 
minutes may be used if filtration not used.
7. Read a t  4 9 0  nm with spectronic 2 0 0 0  colorimeter.
8. Plot values to obtain a calibration curve. A regression equat ion may be 
obtained for the  best  fit.
3 .4 .1 0  Solids Attached to the Filter Medium
In order to s tudy the  variation in am ount  of solids a t tached  to the  filter
medium along the  length of the  MRPF, rock samples  w ere  collected from each
of the  eight (8) sampling points located in the  filter bed. Total solids, volatile
solids, and ash  con ten t  of the  solids a tt ached  to the  filter medium were
evaluated  during the  third sampling period (October 1993) .  The methodology
adop ted  for this s tudy is enumerated  below:
1. Rock samples  collected from eight sampling locations in the  MRPF were  
sieved to obtain rocks of size be tween 3/8"  to  1/2" size.
2. Approximately 100 gm of above sample rock from each  sample  has  
been taken  into pre labeled erlenmeyer flasks.
3. A 2 0 0  ml DDI water  w as  added to each flask and w a s  shaken  for 1 
hour a t  2 5 0  rpm. Water containing solids w as  transferred  to pre 
labeled containers.
4.  S tep  3 w a s  repeated thrice but with 100 ml DDI water .
5. Another 100  ml of DDI water  w as  used, in each  case ,  to rinse the 
rocks,  to  dislodge and collect any solids from the  rock as  well as 
erlenmeyer  flasks.
6. Pre labeled, pre weighed aluminum cups  were  used to evapora te  the  
w a te r  containing the solids washed  from the  filter media. Oven at  105 
°C w a s  used to evaporate  the  water.
7. After the  solids were completely dry, they were  kept  in the  oven at  105 
°C for 2 4  hours period. Then the weights  were  taken.
8. Weight difference from s teps  6, and 7 were  used to calculate the  total 
solids contained on the  surface of the  filter media.
9. Then, all aluminum cups  have been heated at  5 5 0  °C for 2 4  hours to 
burn the  solids into ash.  Then the weight w as  taken.
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10. Weight difference from s tep 9 and 8 w as  used to calculate the  volatile 
solids on the  filter media.
11. Weight difference from s tep 9 and 6 w as  used to calculate the  ash  
from solids a t tached to  the filter media.
3 .5  Statistical Methods
Statistical analysis of the  reduced data  w as  carried ou t  using the  
m ethods  sugges ted  in Anderson, Sweeny, and Williams (1990);  Mendenhall 
and Beaver (1990);  Bates and Watt s  (1988);  and Aiken, and W es t  (1991). 
Simple linear regression,  multiple regression, and correlation were  according 
to the  methods  sugges ted  in Chapters  13 and 14  of Anderson  et  al (1990). 
Testing and interpreting interactions for the  multiple regression w a s  according 
to Aiken and W es t  (1991).  Regression analysis and model building methods  
were  according to the methods  in Chapter 15 of Anderson  et  al (1990).
Computer software  packages  used for the  regression analysis were 
Graftool, Tech Graph Pad, SAS, Statistica and Quattro Pro. Graftool w as  
used to  plot the  simple linear and non-linear regression curves.  The regression 
data  w a s  also cross  checked with SAS, Tech Graph Pad, Statist ica and 
Quatt ro  Pro. Quattro Pro w a s  used for multiple regression analysis but not for 
simple non-linear regression analysis.
3.5 .1  Regression Analysis
Regression analysis is a statistical procedure  tha t  can be used to 
develop a mathematical  equation showing how variables are related. In
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regression terminology, the  variable which is being predicted by the  
mathematical  equation is called the dependent  variable. The variable or 
variables being used to predict the  value of the  dependen t  variable are called 
the  independent variables (Anderson et  al, 1990). Correlation involving one 
independent  variable and one dependent  variable is called a simple regression 
analysis.  If the  relation be tween  these  parameters  is linear, the  analysis is 
called a simple linear regression analysis. If the  relation be tw een  independent  
and  depen d en t  variable is non-linear, then the analysis is called a simple non­
linear regression analysis. If the  correlation involves one d e p en d en t  variable 
and more than  one independent variables, the  analysis is called a multiple 
regression analysis.
3 .5 .2  Coefficient of Determination
Coefficient of determination is a measure  of the  variation explained by 
the  es timated  regression equation.  The coefficient of determination (r2) 
provides a measure  of goodness  of fit of the  estimated equation to  the  data  
(Anderson e t  al, 1990).  This is given by the  following equation: 
r2 = SSR/SST  (3.1)
where ,
SSR = sum of squares  explained by the  regression
SST = total sum of squares  (before regression)
Further, SSR and SST can be calculated by the  following equations:
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S S R = J ^  ( y i - y - ) 2
 (3.2)
s s t =J2 ( Y i - y ' ) 2
 (3.3)
where ,  /,• = dependent  variable, /' th da ta  point
y = mean value of d ependen t  variable
= modeled value of d ependen t  variable using / 
th independent data  point, x,
When r2 is used to evaluate  the  goodness  of fit for the  regression 
relationship, one  can expec t results be tween 0  and 1, with values closer to 
1 implying a bette r fit.
3 .5 .3  Tes t  for Significance
Often,  the  coefficient of determination is used as  a measure  of the  
goodness  of fit of the  est imated regression line. Larger values of r2, values 
close to 1, indicate a better fit. However, the  value of r2 does  not allow to 
conclude w he ther  or not a regression relationship is statistically significant. 
In order to d raw  conclusions concerning statistical significance, sample size 
should be given due consideration.  Sample size is taken into considera tion in 
"F  Tes t" and "t Test".
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F T e s t
The logic behind the  use of the  F  te s t  for determining w he ther  or not 
the  relationship be tw een  x  and y is statistically significant is based upon 
w h e th e r  it is possible to develop tw o  independent es t imates  of a2. The null 
hypothesis  here is tha t  the  coefficients given by the  regression equation are 
zero. Mean square  due  to error or mean square  error (MSE) provides an 
es t imate  of a 2, and if the null hypothesis is true (means,  the  regression 
relation does  not exist), the  mean square  due to regression (MSR) provides 
ano ther  independent est imate  of o2. MSR and MSE are given by the  following 
equat ions:
MSR = SSR/Regression DF = SSR/Number of independent
variables ......(3.4)
MSE = SSE/(n-2) ......(3.5)
sse=Y^ ( V i - V i ) 2
 (3.6)
In the  above equation for MSR, number of independent variables will be 
one  if regression is be tween  one independent and one d ependen t  variable.
If the  null hypothesis (coefficients given by the  regression equation are 
zero) is true, MSR and MSE are tw o  independent  es t imates  of a 2. In this ca se  
the  sampling distribution of MSR/MSE follows an F distribution with numera tor 
degrees  of freedom equal to 1 and denominator degrees  of freedom equal to
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n -2. The te s t  concerning the  significance of the  regression relationship is 
based  on the  following F statistic:
F  =  MSR/MSE ...... (3.7)
For any  given sample  size, the  numerator of the  F  s tat ist ic will increase 
as  more of the  variability in y is explained by the  regression model and 
dec rea se  a s  less is explained. Similarly, the  denominator  will increase  if there  
is more  variability abou t  the  est imated regression line and d ec rea se  if there  is 
less variability. Thus one would intuitively expec t  large values  of F -  
MSR/MSE to  cas t  doub t  on  the  null hypotheses  and indicates th a t  the  
coefficients given by regression equation are non-zero and there  is a 
significant relationship be tw een  x  and y. Large values of F  lead to  rejection 
of the  null hypothesis  and the  conclusion tha t  the  relationship is statistically 
significant. 
t Tes t
Similar to F t e s t  which is used to t e s t  the  null hypothesis,  a t t e s t  also 
exists for test ing the  null hypothesis.  In regression models with only one 
independent  variable the  t t e s t  and the F  te s t  yield the sam e  results. The 
reason for the  F  t e s t  and t te s t  yield the  sam e result for simple linear 
regression is tha t  F  = t2. The critical value for the  F t e s t  is the  square  of the  
critical value for the  t test ,  and the t e s t  stat ist ic for the  F t e s t  is the  square  
of the  t e s t  stat ist ic for the  t test .  But with more than one independent 
variable only the  F  t e s t  can be used to te s t  for a significant relationship
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b e tw ee n  a d ependen t  variable and a se t  of independent variables. The t tes t  
is then  used  to determine whether  or not the  coefficient of a particular 
independent  variable is zero. As the F  te s t  and the  t t e s t  essentially yield the 
sam e  results , only F  te s t  is used in the  t e s t  for significance of the  models 
developed in later sections.
3 .5 .4  Residual Analysis
The analysis of residuals plays an important role in validating the 
assum pt ions  made in regression analysis. For each  observation in a regression 
analysis,  there  is a residual; it is the difference be tw een  the  observed  value 
of the  d ependen t  variable, yv, and the  value predicted by the  regression 
equation,  The residual for observation /', yr y „  is an es timate  of the  error 
resulting from using the  est imated regression equation to predict the  value of
Vr
Regression analysis begins with an assumption concerning the 
appropria te  form of the  regression model. Considering the  relation be tween 
x  and y is linear, the  simple linear regression model a ssu m es  the  form,
y  — Po + e ...... (3.8)
With this form, y is a linear function of x. The assumptions  regarding the 
error te rm e are as  follows:
1. £(e) = 0
2. The variance of e, denoted by o2, is the  s am e  for all values of x
3. The values of e are independent
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4. e is a normally distributed random variable
There are tw o  key issues in verifying tha t  the  assumptions  are satisfied 
in a regression model. Whether  the  four assumptions  mentioned above are 
satisfied and the  regression equation is appropriate form to relate x  and y.
Validating the  a ssumptions  concerning the  error term, e, m eans  using 
the  residuals to check  to see  if these  assumptions  seem  reasonable. 
Considering the  first assumption concerning e implies tha t  the  regression 
equat ion is,
E{y) = 0 O +  fi,x  ...... (3.9)
This regression equation show s  a linear relationship be tw een  x  and the 
expec ted  value of y, E(y). Validating the  assumption concerning model form 
means  checking to see  if the  relationship be tween  independent and dependent  
variable is adequate ly  represented by the  regression equation.  It may be 
possible tha t  the  true relationship be tween x and y is of the  o ther form.
The residuals, y, - y „ are estimates of e; with n observations  in a 
regression analysis,  there  are n residuals. Residual plots are graphical 
presenta tions  of the  residuals tha t  help reveal pa tterns  and thus  help 
determine whether  or no t the  assumptions  concerning e are satisfied.  Three 
of the  m os t  common residual plots are,
1. A plot of the  residuals against  the  independent variable, x,
2. A plot of the  residuals against  the  predicted value of the
dependen t  variable, y , and
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3. A standardized plot in which each residual is replaced by its z- 
score  (i.e., the  mean is subtracted  and the result is divided by 
the  standard error).
However,  for validation of the  models developed, residual plot agains t  x has 
been  used  for simple regression models and residual plot agains t  y'' has  been 
used  for multiple regression model.
Residual Plot Against x
A residual plot against  the  independent variable, x, is cons t ruc ted  by 
placing x on the  horizontal axis and the residuals on the  vertical axis. A 
residual is plotted for each observation; the  first coordinate  is x,, the  second  
coord inate  is the  residual, y, - If the  assumption tha t  the  variance of e  is 
t h e  sam e  for all values of x  is valid, the  residual plot should give an overall 
impression of a horizontal band of points. Other pa tterns  may indicate tha t  
th e  error te rm in not independent and may sugges t  the  need for o ther form of 
th e  regression equation or a multiple regression.
Residual Plot Against  v*
A residual plot against  the  predicted value of the  independent  variable 
is cons t ruc ted  by placing the  predicted value on the  horizontal axis and 
plotting each  residual directly above the corresponding value of y,. For simple 
linear regression,  both the  residual plot against  x and the  plot agains t  y 
provide the  sam e  information. With multiple regression models  (more than 
one  independent variable), the  residual plot against  y is more widely used.
4 . R esults and  D iscussion
4.1 Hydraulic Retention Time
The lithium profile obtained in the  samples collected a t  the  filter mid point at  
various t ime intervals after the  application of lithium chloride a t  the  influent 
point of the  MRPF is shown in Table A.1. Figure 4.1 sh o w s  the  change  in 
lithium concentra tion with time. It is apparent th a t  the  flow is close to plug 
flow. The approximate  value of the  hydraulic retention t ime (HRT) up to the  
mid point w a s  determined to  be 4 4 .5  hours.  Assuming the  filter packing is 
sam e  th roughout  its length, the  total HRT in the  sys tem  is 89  hours (3.7 
days).
4 .2  Wastewater Characteristics
4 .2 .1  Total BOD5
Total BOD5 results  obtained for all three  sample data  s e t s  collected at  
each  of the  10 sampling locations are presented respectively in Tables A .2 
through A.4  which are included in the appendix.  Each table contains  results 
of all the  four samples  collected during each sampling period along with the 
mean values.
From the  data  given in Table A.2, it can be seen  tha t  an efficiency of 
8 4 . 3 %  w as  achieved by the  filter in removal of total B 0 D 5. An efficiency of 
7 6 . 6 %  w a s  achieved by the  time w as tew a te r  reached the  sampling point 4  
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Fig. 4 .1 : Lithium Concentration of W astew ater Samples, Collected
at the Filter Mid Point, at Various Time Intervals after 
Application of Lithium Chloride
65
achieved by the  time w as tew a te r  reached this point. Similarly the  da ta  se t  2 
reveals th a t  the  filter efficiency w as  8 3 .9 % .  At sample  point 4,  the  efficiency 
w a s  7 6 .6 %  and 9 1 .3 %  of the  total filter efficiency w as  achieved by the  time 
the  w a s te w a te r  reached this point. A similar trend w as  sh o w n  by the  third 
da ta  set .  The filter efficiency w as  9 1 .4 %  and by the  sampling point 4, the  
efficiency w a s  9 1 .8 % .  In fact, there  w as  loss in efficiency from sampling 
point 4  to the  effluent point. This may be due to the  leaf litter in the  filter bed 
which might have exerted additional BOD5. The data  indicate tha t  the  initial 
lengths of the  filter are much more efficient than  the  later portions of the  
filter.
Trends of total BOD5 values along the  filter length as  obta ined in data  
se t s  1 through 3 are presented in Figures 4 .2  through 4 .4 .  It can  be seen  tha t  
the  drop in total BOD5 is much more rapid in initial sec tions  of the  filter than 
tha t  in the  later sections.
4 .2 .2  Soluble BODs
Similar to total BOD5, a total of 12 readings were  obtained at  each  of 
the  10  sampling locations.  The data  are p resented in Tables A .5 through A.7. 
The above  da ta  w as  generated  in three different periods,  hence  the  averages  
of e ach  period were  also indicated in the  corresponding da ta  tables.
The first data  se t  indicates an overall filter efficiency of 5 5 .1 %  in 
removal of soluble B0D5. Efficiency at  the  sampling point 4  w as  51 % and the 



















0  100 2 0 0  3 0 0  400  5 0 0  6 0 0  700  800
Filter Length (ft) — >
Fig. 4 .2: Total BOD5 along the Filter Length
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Fig. 4 .3 : Total BOD5 along the Filter Length
(DS 2; July 1 993 )
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Fig. 4 .4 : Total BQD5 along the Filter Length
(DS 3; October 1993)
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da ta  se t  reveals tha t  the  filter efficiency as  61% .  At sample  point 4,  the  
efficiency w a s  5 1 .2 %  and 8 3 .9 %  of the  total filter efficiency had been 
achieved. Similar trends  can be observed with data  se t  3. The filter 
efficiency w as  8 1 .3 %  and a t  sampling point 4, the  efficiency w a s  8 1 .3 %  
which is sam e  as the  total filter efficiency. Thus, there  w as  no additional gain 
by having the  extra  length from the  sampling point 4  to the  effluent point.
Soluble BOD5 trends along the  filter length are shown in Figures 4 .5  
through 4 .7 .  From the  first tw o  s e ts  of data,  it can be seen  tha t  soluble BQD5 
increases  from influent point to sampling point 1. During tha t  particular period 
in tha t  area,  the  filter bed might have more organic material which is 
dissolving into the  fresh incoming w as tew ate r .  This is not observed with data 
se t  3. However,  the  drop in soluble BOD5 in initial sec tions  is rapid compared  
to  the  later sections.
4 . 2 . 3  Chemical Oxygen Demand
Chemical oxygen demand w as  measured only for the  samples  collected 
as  part  of da ta  se t  3. All four readings at  each of the  10 sampling locations 
are  presented  in Table A.8. Average COD values a t  each  of the  sampling 
point are  also indicated in this table. The filter efficiency in removal of COD 
based  on the  da ta  se t  3 appears  to be 9 3 .5 % .  The efficiency at  the  sampling 
point 4  worked out to be 8 6 % .  Approximately, 9 2 %  of the  total filter 
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Fig. 4 .5: Soluble BOD5 along the Filter Length
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Fig. 4 .7 : Soluble BOD5 along the Filter Length
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The COD drop from the  influent point to the  effluent point is show n  in 
Figure 4 .8 .  It can  be seen  tha t  the  first tw o  sec tions  were  extremely effective 
in COD removal compared to the  later sections.  At the  end of the  second 
section,  or the  sampling point 2, the  efficiency w a s  observed  to be 7 0 %  or 
7 4 .9 %  of the  total filter efficiency w as  reached at  the  end of the  second 
section.
The ratio of COD/total BOD5 values along the  filter length are given in 
Table A .9. Figure 4 .9  sh o w s  a plot be tween  the  filter length and the  ratio of 
COD to  total BQD5. It can be seen  tha t  up to the  sampling point 3, the  
COD/total BOD5 value increased indicating the  rapid d ec rease  in total BOD5 
values  compared  to  tha t  of COD. From sampling point 3 to the  effluent point, 
the  trend is reversed indicating the  decrease  in COD/total BOD5 values.  This 
s h o w s  tha t  the  rate of reduction in total BOD5 values is lower than  the  rate 
of reduction in COD values be tween  sampling points 3 to the  effluent points 
excepting the  section be tw een  sampling points 5 and 6. This indicates tha t  
the  rate of stabilization of biologically degradable material is fas ter compared 
to  the  rate of chemically oxidizable material until the  w a s te w a te r  reaches  the 
sampling point 3. After the  sampling point 3, the  trend is reversed.
4 . 2 . 4  Total Suspended  Solids
Data on TSS for the  samples collected as  part  of da ta  se t  3 are 
provided in Table A. 10. The average values of the  four readings taken at 
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Fig. 4 .8: COD along the Filter Length

















0  100  200  300  400  500  6 0 0  700  8 0 0
Filter Length (ft) — >
Fig. 4 .9 :  CO D/Total BOD5 Values along the Filter Length
(DS 3; October 1993 )
volumes  collected at  sampling location 6 were  not sufficient to calculate TSS 
value hence  could not be evaluated.  Samples collected at  locations 2 and 3 
w e re  heavily contaminated  with clay. Hence the  TSS values  for these  
locations w ere  suspec t .  Considering the  influence of the  clay in samples  
collected from locations 2 and 3, the  TSS values can  be said to  be in 
descending  order up to sampling point 5. Two data  se ts  indicate an increase 
in TSS from sampling point 7 to the  effluent point. This may be due to 
contaminat ion with clay as the  well points were  to be driven deep  due  to low 
w a te r  flow conditions.  The trend of TSS in the  w a s te w a te r  along the  filter 
length is sh o w n  in Figure 4 .10 .
4 . 2 . 5  Dissolved Oxygen
Dissolved oxygen measured in the  samples  collected from all the  
sampling locations in three different periods are given in Table A . 1 1 through 
A. 13. The average  DO values  obtained during each  sampling period are also 
indicated in respect ive  tables.  The trends of DO in the  w a s te w a te r  samples  
collected along the  filter length are shown in Figures 4.11 through 4 .13 .  
Interesting interpretations can be drawn from th e se  figures. The initial 
sec tions ,  particularly the  first and second sec tions  contain w a s te w a te r  with 
low DO. It may be noted tha t  the  DO measured in samples  is the  resultant 
DO after several interactions involving supply and consumption of oxygen. 
The DO is consum ed  for biodegradation of the  w as te s ,  a t  the  s am e  time, 
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Fig. 4 .13 :  DO along the Filter Length (DS 3; October 1993)
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also through diffusion from the  a tmosphere .  It has  been s ta ted  earlier tha t  the  
values  of total BOD5 and soluble BOD5 of the  w a s te w a te r  samples  were  very 
rapidly reduced in initial sec tions  of the  filter thus  depleting the  DO of 
w a s te w a te r  in th e se  sections .  In other  words,  the  consumption  of DO w as  
high as  a result of rapid biodegradation of organic w a s te s  compared  to the 
supply of DO to the  w a s te w a te r  through rhizome and a tmosphere .
It can be seen  from Figures 4.11 and 4 .1 2  tha t  the  DO gradually rose 
from a lowest  value a t  the  second sampling location to the  effluent point 
indicating greater reoxygenation compared to the  utilization of dissolved 
oxygen. Figure 4 .1 3  sh o w s  the  sam e  trend but the  lowest DO shifted to the 
first sampling location from the  second location. Also, Figure 4 .1 3  s h o w s  a 
lower DO at sampling point 6.
4 . 2 . 6  Hydrogen Ion Concentration
Hydrogen Ion Concentration (pH) results  are provided in Tables A. 14 
th rough A. 16 for three  different periods of sampling.  The da ta  s h o w  a 
cons is ten t  trend. A sudden drop in pH from the  influent to  the  first sampling 
point and  then a more or less undisturbed pattern has been  observed all along 
the  length of the  filter. Figures 4 .1 4  to 4 .1 6  s h o w  the  change  in the  pH in 
w a s te w a te r  samples  collected along the  length of the  filter.
After the  DO is consumed rapidly in the  initial few  feet  length of the  
filter, the  filter has anaerobic  environment.  Acidification which is a part of the  
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Fig. 4 .1 6 :  pH along the Filter Length (DS 3; October 1993)
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lower values of pH. Another reason for low pH values  could be due  to  the  
removal of algae from the  pond influent. The symbiotic relationship be tw een  
the  bacteria responsible for the  biodegradation of w a s te s  and the  algae 
maintains a certain balance of pH. When the  algae is retained at  the  influent 
point and the  w a s te w a te r  is allowed to flow into the  filter, the  consumption 
of C 0 2 produced as  a result of biodegradation is not occurring. This C 0 2 may 
be ano ther  reason why the  pH is lowered in the  w a s te w a te r  from the  pond to 
the  filter. In case  of pond environment,  the  C 0 2 produced is consum ed  by the  
algae hence  higher pH values were recorded.
4 .2 .7  Temperature
Tempera ture  data  obtained from the  field monitoring of samples  
collected during three different sampling periods are given in Tables A. 17 
th rough A. 19. The variation in tempera ture  of the  w a s te w a te r  samples  along 
the  length of the  filter is indicated in Figures 4 .1 7  through 4 .19 .
No consis tent trend w as  observed in the  tempera ture  profile of the  
w a s tew a te r .  W as tew ate r  tempera ture  in MRPFs is influenced by several 
factors  such  as  the  porosity of the  rock, evaporation,  transpiration by plant 
leaves,  ambient  temperature ,  humidity, wind velocity, and pressure .  At any 
given moment,  the  rate of change  in t empera ture  is a function of all the  above 
factors.  As the  measured w as tew a te r  tempera ture  w as  an ins tan taneous  
m easurement ,  this may not be representative of the  average  conditions of the  


















0  100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  800
Filter Length (ft) — >
Fig. 4 .1 7 :  Tem perature along the Filter Length 







© 3 0 .5
D
0
b  3 0■H
ajL -
©





0  100 2 0 0  3 0 0  4 0 0  500  6 0 0  700  800
Filter Length (ft) — >
Fig. 4 .1 8 :  Temperature along the Filter Length
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4 . 2 . 8  Ammonia Nitrogen
Ammonia nitrogen results  are presented in Tables A.2 0  through A.22. 
Four s e t s  of data  at  each sampling point and the  average  values are provided 
in each  table.  The data  se t  1 indicates a nominal removal of ammonia  
nitrogen, from a value of 2 .95  mg/l to 2 .6 4  mg/l suggesting a removal 
efficiency of only 10 .5% .  Considering the sampling point 4  as  critical for 
evaluation based on the  very high efficiencies observed in removal of total and 
soluble BODs at  tha t  point, there is a gain in ammonia nitrogen or the  filter 
has  a negative efficiency in removal of ammonia nitrogen a t  tha t  point. The 
efficiency at  the  sampling point 4  works  out to be - 2 9 .2 % .  The data  se t  2 
su g g es t s  a negative efficiency for the entire filter with a value of 4 2 .4 % .  
However,  the  data  se t  3, again, indicates ammonia nitrogen removal in the 
filter with an efficiency of 8 6 .2 % .  Considering the  efficiency at  the  sampling 
point 4, the  efficiency works  out to be - 22 .6% .
The da ta  se ts  1 through 3 are illustrated in Figures 4 .2 0  through 4 .2 2  
respectively.  The trend appears  to be consis tent with a drastic increase in 
ammonia  nitrogen concentra tion from the  influent sampling point to the 
sampling point 1. Data se t  1 and 3 indicate the  maximum concentra tion of 
ammonia  nitrogen occurring som ew here  be tween sampling points 1 and 2, 
da ta  se t  2 indicates the  maximum concentration be tw een  sampling points 2 
and 3. From the  maximum concentra tion point, the  level of ammonia  nitrogen 
fell gradually with the  w as tew a te r  m ovement through the  filter. This net  drop
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in ammonia  nitrogen levels may be due to the  result of higher utilization by 
microorganisms and plants compared to the  supply of ammonia  nitrogen as 
a result of decaying leaf litter in the  bed and the death of microorganisms.
4 . 3  Microbial Parameters
FDA method w as  used to evaluate the  microbial activity. A s tandard  
curve  w a s  also developed to obtain a regression equation for the  abso rbance  
(at 4 9 0  nm) and the  fluorescein concentration in mmoles/l.  The bio-mass 
a t t a ch ed  to the  filter rock w as  analyzed for total solids, volatile solids and  the 
burnt a sh  of the  solids.
4 .3 .1  Microbial Activity
Microbial activity w as  measured during three different sampling periods 
and  the  results  are presented in Table A.23. Two sets  of da ta  were  generated  
during each  sampling period a t  each of the  eight locations in the  filter bed and 
are p resen ted  in the  appendix along with the  average values.
A falling trend of microbial activity with the  filter length w as  observed  
from Figures 4 .2 3  through 4 .25 .  It can be clearly seen in the  initial sec tions  
of the  filter, microbial activity is significantly greater compared  to later 
sec tions .  Further,  the  drop in microbial activity is very rapid in initial sec tions  
com pared  to the  drop in the  later sections.  This may be due to  several 
changing  environmental  conditions along the  filter length.
Theoretically,  because  of the  flow through the porous  media,  f low in 
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Fig. 4 .2 3 :  Microbial Activity along the Filter Length
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Fig. 4 .2 4 :  Microbial Activity along the Filter Length
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This may present a situation where  easily biodegradable organics are 
consum ed  by the  microorganisms for their synthes is  as  well as  energy. 
Whereas ,  relatively recalcitrant organics are degraded slowly in the  later 
sec tions  of the  filter. It is also possible tha t  the  percentage  of the  recalcitrant 
organics increase as  the  w a s te w a te r  flows along the  length of the  filter. As 
nutrients and energy are tw o  essential com ponen ts  for the  survival of 
microorganisms and their degradation activity, the  microbial activity is lower 
in later sec tions  of the  filter compared to tha t  of the  initial sec tions.
Physical removal of suspended  organics by filtration may be significant 
in th e se  MRPF sys tem s  and this phenomenon is higher in the  initial length of 
the  sys tem  compared to the  later sect ions.  This occurs  b ecause  the 
w a s te w a te r  containing suspended  organics first travels through the  filter 
medium and removal of TSS takes  place in first few  feet  of the  filter.
Other changing environmental  conditions such as  DO, pH, NH3-N, 
tempera ture ,  plant density, rhizome efficiency in translocating the  oxygen,  and 
nutrients may also influence the  microbial activity in the  filter. All these  
parameters  are not uniform along the  filter and most of them  are continuously 
influenced by the  supply and consumption.
FDA Standard  Curve
The absorbance  values obtained for different concentra t ions  of 
f luorescein are provided in Table 4 .24 .  Regression analysis w as  carried out 
using fluorescein as an independent  variable and the  absorbance  a s  dependen t
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variable. A linear regression was  obtained with an t2 value of 0 .9 8  showing 
an  excellent correlation. The regression equation obtained was:
V = -(0 .0107)  + (0 .647)x  (4.1)
where ,  x = Fluorescein Concentrat ion in mmoles/l 
y = Absorbance at  4 9 0  nm
The regression output  is provided in Table A .25 and the  regression
curve is show n  in the  Figure 4.26.
4 . 3 . 2  Bio-Mass Attached to the Filter Media
Total solids, volatile solids, and burnt ash  from the  solids a t tached  to
th e  filter rock were  measured.  The analytical procedure  w as  descr ibed in 
section 3 .4 .10 .
The results  obtained for total solids, volatile solids, and burnt ash  from 
the  solids a t tached  to the  filter rock are show n  in Table A.26. The values are 
expressed  in m g /100  gm of the  filter rock.
The trends  of total solids, volatile solids, and the  burnt ash  from the 
solids a t tached  to the filter along the  length of the  filter are provided in 
Figures 4 .2 7  through 4 .29 .  All these  solids are observed to be increasing 
from sampling point 1 to 3 and are falling from there  onw ards  to sampling 
point 8. While the  increasing trend is consis ten t until the  sampling point 3, 
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Fig. 4 .2 7 :  Total Solids on Filter Medium along the Filter Length
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Fig. 4 .2 8 :  Volatile Solids on Filter Medium along the Filter Length
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particularly in the  last tw o  points,  which may be due  to  the  clay observed  in 
the  rock samples.
The higher microbial activity in the  initial sec tions  is further evidenced 
by the  higher values of volatile solids in the  filter rock samples  collected from 
the  sampling points 1 to 3.
4 . 4  BOD Removal Reaction Rate Orders and Rate C ons tan ts
This section deals with the  orders of BOD removal react ions and BOD 
removal reaction rate cons tan ts  in the  MRPF, Benton. The objective of this 
sec tion w a s  to  verify the  BOD removal reaction rate orders through field 
monitoring of w a s te w a te r s  and BOD removal reaction rate co n s tan ts  with tha t  
available through the  literature review. The literature review s u g g es t s  tha t  the  
BOD removal in MRPFs is attributed to several physical, chemical, biological 
react ions and as  well as  the  combination of those  reactions.  Also, first order 
BOD removal reaction w as  considered appropriate which is given below:
Ce = 0 o e KT  (4.2)
where ,
Ce = Effluent BOD, mg/l
CQ = Influent BOD, mg/l
K = First order BOD removal reaction rate cons tan t ,  day '1
T = Hydraulic retention time, days
The rate cons tan t  in the  above equation is tempera ture ,  and pH 
dependen t ,  besides other  environmental parameters .  There is no information
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available abou t the  variability of K, BOD removal reaction rate  cons tan t,  in 
MRPFs which has a changing environmental conditions along its length.
4.4 .1  First Order BOD Removal Reaction Rate C onstan t for Total BODs
Utilizing the  average values of total BQD5 a t ten  sampling locations 
obtained in th ree  different sampling periods, first order removal rate c o n s tan ts  
for each  section w ere  calculated. The model used for calculation of BOD 
removal rate co n s tan t  is given below:
Ce = C0 e KtT  (4.3)
w here,
Ce = Effluent total BOD5 at the  end of a particular section , mg/l
C0 = Influent total BOD5 at the  beginning of a particular section,
mg/l
K't = First order total BOD5 removal reaction rate  c o n s ta n t  for
a particular section, day '1 
T = Hydraulic retention time for a particular section  in days
K't values obtained for data  se ts  1 through 3 are provided in Tables 
A .27 through A .29.
The profile of K't along the length of the  filter for th ree  da ta  s e ts  is 
sho w n  in Figures 4 .3 0  through 4 .32 . It can  be seen  th a t  K't values are very 
high in initial sec tions of the  filter and are lower for the  later sec tions. 
Referring to the  Figure 4 .3 0  corresponding to  the  da ta  se t  1, a fter a dow n fall 
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Fig. 4 .3 0 :  K't along the Filter Length (DS 1; June 1993)
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Fig. 4 .3 2 :  K't along the Filter Length (DS 3; October 1993)
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higher value. From the  Figure 4 .3 1 ,  it can be seen  th a t  K't values are 
gradually reduced from section 2 to  6. Sections 7, 8 and 9 have recorded 
higher values and are out of the  trend. The Figure 4 .3 2  based  on the  da ta  se t  
3 ag rees  with the  trend of reducing K't values along the  filter length.
The higher values of K't in initial sec tions may be due  to  th e  additional 
removal of su spended  organics by filtration.
4 .4 .2  Second Order BOD Removal Reaction Rate C o n stan t for Total
BOD5
The average values of total BOD5 a t ten  sampling locations obtained in 
th ree  different sampling periods were utilized to  calculate  th e  second  order 
BOD removal rate co n s tan ts  for each  section. The model used  for calculation 
of BOD removal rate co n s tan t  is given below:
1/[Ce] - 1/[CJ = K"t T ......(4.4)
w here,
Ce = Effluent total BOD5 a t the  end of a particular sec tion , mg/l
CG = Influent total BOD5 a t the  beginning of a particular section,
mg/l
K"t = Second order total BOD5 removal reaction rate co n s tan t
for a particular section, day '1 
T = Hydraulic retention time for a particular section  in days
K"t values obtained for data se ts  1 through 3 have been provided in 
Tables A .27  though A .29.
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Figure 4 .3 3  through 4 .3 5  illustrate the  profile of K"t along the  length 
of th e  filter. Figure 4 .3 3  indicates a more or less uniform K"t from section 1 
to  5, and then  fluctuates. Figure 4 .3 4  does not indicate any definite trend. 
Figure 4 .3 5  indicates a trend of falling K"t values from section  1 to  5 and then 
the  values appear to  fluctuate. Unlike K't values, K"t values appear to  drop 
from influent point to  effluent point, they do not sh o w  any definite trend.
4 .4 .3  First Order BOD Removal Reaction Rate C o n stan t for Soluble
BODb
A verage soluble BOD5 data  generated at ten  sampling locations 
obtained in th ree  different sampling periods w a s  used to  calculate  th e  first 
order BOD removal reaction rate constan t for soluble B0D5. This is tabulated  
in Tables A .3 0  through A.32. The first order removal rate c o n s ta n ts  were  
calculated for each  of the  sections. The model used for calculation of BOD 
removal rate co n s tan t  is given below:
Ce = C0 e KsT  (4.5)
w here,
Ce = Effluent soluble B0D5 a t the  end of a particular section,
mg/I
CD = Influent soluble B0D5 at the  beginning of a particular
section, mg/l
K's = First order soluble BOD5 removal reaction rate  c o n s ta n t  for
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Fig. 4 .3 5 :  K"t along the Filter Length (DS 3; October 1993)
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T = Hydraulic retention time for a particular sec tion  in days
The profile of K's along the  length of the  filter is indicated in Figures 
4 .3 6  th rough 4 .3 8 .  Figures 4 .3 6  and 4 .3 7 , both sh o w  a lower value of K's 
for sec tion  1 com pared to section 2. From section 2 to  6, th e  trend is a 
gradual decrea se  of K's values. Figure 4 .3 8  sh o w s  decreasing  trend of K's 
from sec tions  1 to  all the  w ay  up to section 9.
K's values are not consis ten t in sections 7 to  9, which may be due  to 
the  low soluble BOD5 values recorded. Higher K's values in initial sec tions  can 
be a ttributed to  higher microbial activity observed.
4 .4 .4  Second Order BOD Removal Reaction Rate C o n stan t for Soluble
BOD5
The average  values of soluble BQD5 a t all the  sampling locations 
obtained in three  different sampling periods w en; utilized to  calculate  the  
second  order BOD removal rate co n s tan ts  for each  section . The model used 
for calculation of BOD removal rate cons tan t is given below:
1/[Ce] - 1 /[C J = K"s T  (4.6)
w here,
Ce = Effluent soluble BOD5 a t the  end of a particular section,
mg/l
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K"s = Second order soluble BOD5 removal reaction rate co n s tan t
for a particular section, day '1 
T = Hydraulic retention time for a particular section in days
K"s values obtained for data  se ts  1 through 3 are  provided in Tables 
A.3 0  though  A.32. Figure 4 .3 9  through 4.41 depict th e  profile of K"s along 
the  length of the  filter. Figure 4 .3 9  indicates a more or less similar trend of 
K's as  explained earlier. First section has a lower K"s com pared  to the  value 
of K"s in section 2. With highest value of K"s in section 2, it gradually 
reduces  along the  length with an exception of sections 7 and 8 which are out 
of trend . Figure 4 .4 0  sh o w s  a similar trend up to the  section  6 and irregular 
trend exists  from section 7 on w ards. Figure 4.41 sh o w s  a trend of 
decreasing  values for K"s from section 1 to 7.
4 .4 .5  Evaluation of BOD Removal Reaction Rate Orders
In order to  evaluate th e  BOD removal reaction rate orders  in MRPFs, the  
da ta  generated  at the  MRPF, Benton were utilized. As explained in the  
previous sec tions, BOD removal reaction rate co n s tan ts  for total BOD5, soluble 
BOD5 w ere  calculated using the  influent and effluent total BOD5 and soluble 
BOD5 values. Rate co n s tan ts  were determined using, both, first order BOD 
removal reaction ra tes  as well as the  second order BOD removal reaction 
ra tes. The rate co n s tan ts  calculated using the  influent and the  effluent BOD5, 
overall rate co n s tan ts ,  were  used to calculate the  B0D5 values a t each  of the  
















0  100 200  3 0 0  4 0 0  500  6 0 0  7 0 0  8 0 0
Filter Length (ft) — >














0  100 200  3 0 0  4 0 0  500  6 0 0  7 0 0  800
Filter Length (ft) -— >







• i  0.3
CO
5 . 0.2




0 100 200 300 400 500 600 700 800
Filter Length (ft) — >
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th e se  BOD5 values as per the  first order reactions and second  order reactions 
along with the  actual monitored values are plotted on a single figure. There 
are a total of 6 figures, 3 for total BOD5 values and 3 for soluble BOD5 values.
Figures 4 .4 2  through 4 .4 4  sh o w  actual, first order, second  order total 
BOD5 values for data  se t  1 through data  se t  3. Similarly, Figures 4 .4 5  
th rough 4 .4 7  sh o w  actual, first order, second  order soluble BOD5 values for 
da ta  s e t  1 through data  se t  3.
From the  above figures for total BOD5 removal, it can  be seen  th a t  the  
actual removal of total BODs is much more s teeper  than  the  values obtained 
based  on the  second  order removal kinetics. This trend is consis ten t in all the  
d a ta  s e ts .  Data se ts  1 and 2 sh o w  more or less close removal to  th a t  of 
s econd  order removal, but the  data  se t  3 sh o w s  a s teep e r  removal than 
achieved by the  second  order BOD5 removal curve.
Figures for soluble BOD5 indicate the  sam e trend as  th a t  for total BOD5. 
Figures for da ta  s e ts  1 and 2 indicate an increase in the  soluble BOD5 for very 
small d is tance  and then a rapid d ecease  in soluble BOD5 for som e d istance. 
Figure for data  s e t  3 indicates rapid d ecrease  in the  soluble BOD5 right from 
the  influent point w ithout any increase in the  beginning.
All this indicates tha t, though the  second  order BOD removal is close 
to  the  actual BOD removal reactions occurring in the  filter, neither first order 
nor second  order is exactly m atches  to  the  actual BOD removal m echan ism s 
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th e  filter length. Some of the  param eters influencing the  BOD removal may 
include the  filter packing, porosity, microbial activity, surface  a rea, availability 
of oxygen  and nutrients for the  microbial growth etc . For design of the  filter, 
it may be advisable to use a variable BOD removal reaction rate co n s tan t  in 
conjunction with either second  order or first order BOD removal reactions.
4 .5  Modeling for BOD Removal Reaction Rate C onstan ts  and
Microbial Activity
This section deals with the  model developm ent for BOD removal 
reaction rate constan ts  in MRPFs. From the  discussion presen ted  in previous 
sec tions , it is clearly established tha t  the  BOD removal reaction rate  
c o n s ta n ts ,  for first order and second order reactions, for total BOD5 and 
soluble BOD5, are variable along the length of the  filter with higher values in 
the  initial sections to lower values in the  later sections. It has also been 
observed  th a t  the  microbial activity measured using fluorescein d iace ta te  
(FDA) m ethod also varying along the filter length. Other param eters  such  a s  
pH, dissolved oxygen, pH, ammonia nitrogen, TSS, total solids on filter rock, 
volatile solids on filter rock, and ash residue of the  total solids from filter rock 
w ere  also  observed to vary along the  filter length. Several exercises  w ere  
a t tem p ted  using statistical m ethods to  see  the  relation existing b e tw een  rate  
co n s ta n ts  and microbial activity and also other param eters  of the  w a s te w a te r  
and th e  filter rock.
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In order to  model the  rate cons tan ts ,  simple and multiple regressions 
w ere  a ttem p ted . In simple regression analysis, both simple linear regression 
and simple non-linear regression were applied to  obtain the  bes t  possible 
relation. For simple regression analysis, the  param eters  used w ere, rate 
c o n s tan ts  as  d ependen t param eters  and microbial activity as  independent 
param eter.
For multiple regression analysis, microbial activity w as  used as 
d ep en d en t param eters  and ammonia nitrogen, pH w ere used as  independent 
param eters .
4.5 .1  Simple Regression Analysis
Simple regression analysis w as  performed to  model the  rate co n s tan ts  
a s  a function of the  microbial activity. The four BOD removal reaction rate 
co n s ta n ts  modeled are:
•  BOD removal reaction rate co n s tan t  for total BOD5 with first 
order reactions, K't
•  BOD removal reaction rate co n s tan t  for total BQD5 with second 
order reactions, K"t
•  BOD removal reaction rate cons tan t for soluble BOD5 with first 
order reactions, K's
•  BOD removal reaction rate co n s tan t  for soluble BOD5 with 
second  order reactions, K"s
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It may be recalled th a t  the  field monitoring plan contained a total of 10 
sampling points which included one influent point and one effluent point 
located a t  the  beginning and end of the  filter. That m eans, there  are eight 
sampling points located along the  cen ter  line of the  filter, running length wise, 
and tw o  sampling locations with one at the  beginning of the  filter and one at 
the  end of the  filter. While the  w as te w a te r  characteris tics  w ere  monitored at 
10 locations, microbial activity w as  monitored at eight locations as  the  tw o  
sampling points, influent point and effluent point, were  outside th e  filter. The 
influent and effluent sam ples w ere  collected from pipes feeding and collecting 
the  w a s te w a te r  respectively.
As w as  s ta ted  earlier, the  data  considered for modeling w a s  generated 
in th ree  different sampling periods. To see  the  sensitivity of the  model 
predicting the  rate co n s tan t  using the  microbial activity, the  da ta  generated  
in th ree  different periods w as  considered independently as  well a s  combined. 
In order to  facilitate this exercise, the  data  is provided in th ree  different tables, 
Table A.33  through Table A .35. Each of th ese  tables  contain 9 columns. 
First column contains section numbers; there  w ere  a total of 9 sections. 
Second column contains sampling points; there  were a total of 10 sampling 
points. Columns 3 through 6 contain BOD removal reaction rate  co n s tan ts  
K's, K"s, K't and K"t respectively for 9 sections. Column seven  contains 
microbial activity m easured using FDA technique which are exp ressed  in 
ab so rb an ce  values at 4 9 0  nm. The activity is given for eight sampling points.
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Column 8 contains the  microbial activity values for sec tions  2 to  8. This has 
been  calculated by taking average of activity a t the  beginning and end of tha t 
particular section. Column 9 contains the  sectional microbial activity 
exp ressed  in term s of Fluorescein concentration in m m oles/l/h /50  gm of filter 
rock.
As mentioned earlier, because  of the  lower BOD results  observed , 
particularly, in the  later sec tions  of the  filter bed, the  uncertain trend  of BOD 
values and the  rate co n s tan ts  may be attributed to  the  experim ental error 
a ssoc ia ted  with BOD determination. This may be partially due to  the  fac t tha t  
the  removal is insignificant com pared to  the  addition of the  organic material 
th rough leaf fall. Hence, the  values corresponding to  the  later sec tions  w ere 
not considered for the  modeling purpose w herever inconsisten t trend w as  
observed .
4 .5 .1 .1  BOD Removal Reaction Rate C onstan t for Total BOD5 with First 
Order Reaction, K't
The data  s e t  1 indicates a simple non-linear relation, a second  order 
relation, be tw een  K't and microbial activity with an r2 of 0 .9 8  show ing an 
excellent regression. The model is given by:
Y = (0 .420) - (0.703)X + (3.071 )X2  (4.7)
w here ,
Y = BOD removal reaction rate co n s tan t  for total BOD5 
with first order reaction, K't
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X = Microbial activity exp ressed  in Fluorescein
concentration, m moles/l/50 gm of filter rock 
r2 = 0 .9 8
Figure 4 .4 8  gives a plot be tw een  K't and microbial activity. Regression 
curve  is also show n on the  sam e figure.
The data  se t  2 indicates a similar relation which is given by,
Y = (0 .099) + (1.160)X + (1 .259)X 2 ...... (4.8)
r2 = 0 .9 9
Figure 4 .4 9  gives a plot be tw een  K't and microbial activity using th e  
da ta  s e t  2. Regression curve is show n superim posed on the  sam e  plot.
Simple non-linear regression analysis using da ta  3 gives a model 
indicated below,
Y = (0 .434) - (3.591 )X + (12 .546)X 2 ......(4.9)
r2 = 0 .9 9
Figure 4 .5 0  illustrates the  regression be tw een  K't and microbial activity.
A combined regression analysis w as  carried ou t considering all the  da ta  
s e ts  genera ted  in three  different periods. The following relation w as  obtained:
Y = - (0 .053) + (2.102JX ......(4.10)
r2 = 0.81
Even with all the  data  points together, the  regression analysis yielded 
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microbial activity. Figure 4.51 show s the  plot be tw een  K't and microbial 
activity along with all the  da ta  se ts .
4 .5 .1 .2  BOD Removal Reaction Rate C onstan t for Total BOD6 with 
Second Order Reaction, K"t
Data s e t  1 w as  used to  see  if there  is any correlation exists  be tw een  
K"t and microbial activity. The best possible correlation only yielded an r2 
value of 0 .4 6  indicating no significant correlation. The model is given by:
Y = (0.094) - (0 .098)X  + (0 .179)X 2 ......(4.11)
w here ,
Y = BOD removal reaction rate co n s ta n t  for total BOD5 
with second order reaction, K"t 
X = Microbial activity expressed  in Fluorescein
concentration, mm oles/l/50 gm of filter rock 
r2 = 0 .4 6
Figure 4 .5 2  gives a plot b e tw een  K"t and microbial activity. Regression 
cu rve  is sho w n  superim posed over the  sam e plot.
The data  s e t  2 indicates a som e w ha t better correlation over th a t  given 
by d a ta  s e t  1. The correlation is given by,
Y = (0.063) + (0 .317)X  - (0 .317)X 2 ...................(4.12)
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A lower r2 value of 0 .6 2  does not sh o w  a significant correlation 
be tw een  K't and th e  microbial activity. Figure 4 .5 3  s h o w s  the  correlation 
obtained.
Unlike the  da ta  se t  1 and 2, the  data se t  3 gives an excellent non-linear 
regression be tw een  K"t and the  microbial activity with an r2 value of 0 .9 7 . 
The model obtained is given by:
Y = (0 .028 )  + (0.196)X + (0 .873)X 2  (4.13)
r2 = 0 .9 7
Figure 4 .5 4  sh o w s  the  regression curve which is superim posed  over the  
da ta  points.
A combined regression analysis w as carried out considering all the  data  
points used in above  exercise. The following relation w as  obtained:
Y = - (0 .053) + (1.080)X - (1 .350)X 2  (4.14)
r2 = 0 .3 3 5
With all the  da ta  points together, the regression analysis yielded an r2 
value of 0 .3 3 5  which does  not indicate a good correlation be tw een  K"t and 
microbial activity. Figure 4 .5 5  show s all the  da ta  points and regression curve.
4 .5 .1 .3  BOD Removal Reaction Rate C onstan t for Soluble BODs with 
First Order Reaction, K's
The data  s e t  1 indicates a simple non-linear relation, a second  order 
relation, be tw een  K's and microbial activity with an r square  value of 1 .00  
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Y (0.177) - (1 .175)X  + (5 .380)X 2 (4.15)
w here,
Y BOD removal reaction rate co n s tan t  for soluble B0D5 with
first order reaction, K's
X Microbial activity expressed  in Fluorescein concentra tion ,
m m oles/l/50 gm of filter rock
r2 = 1 .00
Figure 4 .5 6  gives a plot be tw een  K's and microbial activity. Regression 
curve is also show n on the  sam e  figure. From the  figure, it can  be seen  tha t  
the  predicted model curve p a sse s  through all the  da ta  points. The da ta  s e t  2 
indicates a similar relation which is given by,
r2 = 0 .9 9
Figure 4 .5 7  gives a plot be tw een  K's and microbial activity using the  
d a ta  s e t  2. Regression curve is show n superim posed on the  sam e  plot.
Again, similar to the  da ta  se t  1, the  data  se t  3 yields an ideal curve fit 
with an r2 value of 1 .00. The model is given below:
Y = (0 .625) - (3 .944)X + (1 0 .26)X2............................... .(4 .17)
r2 = 1 .00
Figure 4 .5 8  illustrates the  regression be tw een  K's and microbial 
activity. It can  be seen  th a t  the  curve fitted p a sse s  through all the  data  
points.
Y - (0 .153) + (2.035)X - (0 .288)X 2 (4.16)
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A combined regression analysis w as  carried ou t considering all the  data  
points used  in the  above analyses. The following relation w as  obtained:
Y = - (0 .049) + (0.973)X + (1 .826)X 2  (4 .18)
r2 = 0 .9 4
Even with all the  data  points together, the  regression analysis yielded 
an r2 value of 0 .9 4  which sh o w s  an excellent correlation b e tw een  K's and 
microbial activity. Figure 4 .5 9  show s the  plot b e tw een  K's and microbial 
activity along with all the  da ta  se ts .
4 .5 .1 .4  BOD Removal Reaction Rate C onstan t for Soluble BOD5 with
Second Order Reaction, K"s
Data s e t  1 w as  used to  see  if there  is any correlation ex ists  be tw een  
K"s and microbial activity. The correlation yielded an r2 value of 0 .9 9  
indicating an excellent relation. The model is given by:
Y = (0 .005) + (0.246)X + (0 .386)X 2  (4.19)
w here,
Y = BOD removal reaction rate c o n s ta n t  for soluble 
BOD5 with second  order reaction, K"s 
X = Microbial activity expressed  in Fluorescein
concentration, mm oles/l/50 gm of filter rock 
r2 = 0 .9 9
1.2
y = -(0.049) + (0.973)x + (1.826)x^2 
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Figure 4 .6 0  gives a plot be tw een  K"s and microbial activity. Regression 
curve is show n  super-im posed over the  sam e plot. The da ta  s e t  2 indicates 
a similar correlation with an r2 value of 0 .9 5  which is slightly less than  tha t  
obtained by using the  data  se t  1. The correlation is given by,
Y = - (0.061) + {1.095)X - (1.069)X2  (4.20)
r2 = 0 .9 5
Figure 4 .61 sh o w s  the  correlation obtained. The da ta  s e t  3 gives even 
a be tte r  correlation be tw een  K"s and microbial activity com pared  to th a t  
obtained using the  data  se t  1 and 2. The r2 value obtained in this case  w as  
1 .0 0  indicating an ideal correlation. The model obtained is given by:
Y = (0.406) - (1.860)X + (4.389)X2  (4.21)
r2 = 1 .00
Figure 4 .6 2  sh o w s  the  correlation obtained by using the  d a ta  se t  3. A 
com bined regression analysis w as  carried ou t considering all the  da ta  points 
used in above exercises. The following relation w as  obtained:
Y = - (0.112) + (1.581 )X - (1.664)X2  (4.22)
r2 = 0.51
With all the  data  points together, the  regression analysis yielded an r2 
value of 0.51 which does  not indicate a very good correlation b e tw een  K"s 
and microbial activity. Figure 4 .6 3  show s the  correlation obtained. It may 
be noted th a t  K"s is well related to microbial activity com pared  to  K"t.
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4 .5 .2  Multiple Regression Analysis for Modeling Microbial Activity
Microbial activity may be influenced by several factors . However, to 
see  if any  significant relationship exists  be tw een  microbial activity and 
am m onia nitrogen, pH of the  w astew ate r ,  a multiple regression analysis w as  
carried out. Microbial activity should be a function of the  tem pera tu re  also. 
However, tem perature  w as  not included in this multiple regression analysis 
b ecau se ,  the  tem peratu re  monitored does  not reflect the  w eighted  average  of 
the  tem pera tu re  which w as  experienced by the microorganisms. Tem perature  
of the  w a s te w a te r  in MRPFs is a fast varying param eter which may be 
influenced by porosity, density of vegetation, evapotranspira tion, humidity, 
incoming solar radiation, wind speed  and other param eters . The m easured 
tem pera tu re  only indicates the  s ta tu s  of the  w as te w a te r  a t  th a t  time, hence 
not considered for the  analysis.
Three data  se ts  have been considered individually as  well as  toge ther 
to  see  th e  r2 values obtained in each  case . Regression results are provided in 
Table A .36. Four boxes presented  as "Regression O utput" give results 
obtained for da ta  se t  1, 2, 3 individually and all the  da ta  s e ts  together. 
Values of independent variables, NH3-N and pH and values of d ependen t 
variable are also provided in the  Table A.36.
The regression equations obtained using all the  data  s e ts ,  and da ta  se ts  
1, 2, 3, separate ly  are presented  in the  order:
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y  = (0 .00985)x , + (0 .00788)x2 - (2 .63369) ; r2 = 0 .28
 (4.23)
y  = (0 .08266)x , + (0 .56464)x2 - (4 .03481) ; r2 = 0 .93
 (4.24)
y  = (0 .1 1098)x, + (0.30991 )x2 - (2 .47339) ; r2 = 0 .88
 (4 .25)
y = (0 .0 2 0 1 1 k , + (0 .01867 )x 2 - (0 .19491) ; r2 = 0 .82
 (4 .26)
w here,
y = Microbial activ ity , f luorescein  c o n c e n tra t io n  in
mm oles/l/h/50 gm of filter rock 
Xj = Ammonia nitrogen concentration in the  w a s tew a te r ,  mg/l
x2 = pH of the  w astew ate r
The combined data  does  not indicate a good correlation b ecau se  of the  
low r2 value. However data  se ts  1,2, and 3 when used separa te ly  provide a 
good correlation.
4 .5 .3  Test for Significance of the Model
This section deals with the  testing process to  evaluate  the  statistical 
significance of the  models developed in the  previous sec tions. In order to  do 
this te s t  for significance, F te s t s  have been conducted . The m ethodology has 
been  as  per the  details provided in the  section 3 .5 .3 .  Significant te s t  results
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are provided in Tables A.37  through A.41 . The following discussion explains 
the  significance of the  models.
If critical value of F a t  a particular significance level is less than  the  F 
value calculated using the  formula MSR/MSE, then it can  be said th a t  the  null 
hypothesis  (coefficients of the  regression equation are zero) can  be rejected. 
Critical values of F e a n  be read from any standard  F ta b le  which correspond 
to  num erator degrees  of freedom (number of independent variables) and 
denom inator degrees  of freedom (n -2 ). For significance te s t s  carried ou t for 
all the  models, a significance level (a) of 0 .0 5  has been used.
Table A .37  gives the  results obtained for calculating the  F value for the  
model K't. F  value is given as 4 2 .5 4 . Corresponding critical F  value is 4 .9 6 , 
a t a =  0 .0 5 ,  which is lower than 4 2 .5 4  indicating the  rejection of the  null 
hypothesis . This indicates th a t  the  model developed for K't is statistically 
significant a t  a -  0 .0 5 .  Similarly, F value for K"t is given in the  Table A.38 
which indicates a value of 5 .22 . This value is greater than  4 .9 6 ,  critical F 
value a t a =  0 .0 5  representing the significance of the  model developed for 
K"t.
Table A.39  provides the  F  value for K's which is 1 4 8 .4 3 .  C orrespond­
ing critical F  value is 5 .12  a t a =  0 .05 . A F value of 1 4 8 .4 3 ,  g rea ter than 
critical F  value of 5 .12 , indicates tha t the  model developed for K't is 
statistically significant at a =  0 .05 . Similarly, F  value for K"s is given in the
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Table A.40 , which is 9 .9 8  higher than the  critical F  value of 5 .12 . This again 
indicates the  significance of the  model for K't a t a =  0 .0 5 .
Similar analysis for the  model developed for FDA is provided in the  
Table A.41 . F value is worked out to  be 23 .2 0 .  Critical F value for this 
situation is 3 .4 4  a t a =  0 .0 5 .  Again this indicates th a t  the  model developed 
for FDA is statistically significant a t a  = 0 .0 5 .
4 .5 .4  Validation of the  Models
Validation of the  models developed has been performed in this section. The 
m ethodology adopted  for this validation exercise w as  as  per the  details 
p resen ted  in the  residual analysis, section 3 .5 .4 .
Table A .37  gives values of residuals obtained using the  model 
developed for K't for different values of microbial activity. Similar values are 
provided in Table A.38  for K"t. Figures 4 .6 4  provides a plot b e tw een  the 
microbial activity (on horizontal axis) and the  residual (difference b e tw een  the 
actual and th e  modeled value of K't, on vertical axis) a t th a t  microbial activity 
value. For a perfect model, the  points should be distributed in a horizontal 
band. The figure indicates a reasonably well horizontal band indicating tha t  
the  model is acceptable . Figure 4 .6 5  illustrates the  distribution of points 
obtained by residual analysis for K"t. This also indicates a ad equacy  of the  
model. It may be noted tha t even though the last tw o  points are aw ay  from 
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sam e  level of microbial activity is close to  the  central line of the  band 
indicating no relation b e tw een  the  microbial activity and the  residual.
Similar results obtained for K's and K"s are provided in Tables A .39  and 
A.40 . Figures 4 .6 6  and 4 .6 7  illustrate the  distribution of microbial activities 
and corresponding residuals for K's and K"s respectively. The sp reads  in the  
form of horizontal bands indicate the  adequacy  of th e  models. Figure 4 .6 8  
sh o w s  the  residual analysis for the  microbial activity model.
4 .5 .5 .  Enumeration of the  Models
Variation in BOD removal reaction rate cons tan t along the  length of the  filter 
w a s  verified with the  results obtained from the field monitoring conducted  at 
th e  MRPF, Benton, Louisiana. Also the  microbial activity w as  m easured  along 
the  filter length. The variation in BOD removal rate c o n s ta n t  w as  modeled as 
a function of the  microbial activity along the filter length. The modeling 
exercise  w a s  conducted  using both the  first order and the  second  order BOD 
removal models. Rate co n s tan ts  for removal of total BOD and soluble BOD 
using first order and second  order reactions w ere modeled as  a function of the  
microbial activity.
1. The model for K't is given by:
Y = - (0 .053) + (2.102)X  (4.10)
w here,
Y = BOD removal reaction rate co n s tan t  for total BOD5 with
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X = Microbial activity expressed in Fluorescein concentration,  
mmoles/l /50 gm of filter rock 
The  model for K"t is given by:
Y = - (0 .053) + (1 .080)X  - (1 .350)X 2  (4.14)
where ,
Y = BOD removal reaction rate cons tan t  for total B0D5 with
second order reaction,  K"t 
X = Microbial activity expressed in fluorescein concentra tion,
mmoles/l /50 gm of filter rock 
The  model for K's is given by:
Y = - (0 .049) + (0 .973)X  + (1 .826)X 2  (4.18)
where ,
Y = BOD removal reaction rate c ons tan t  for soluble BOD5 with
first order reaction, K's 
X = Microbial activity expressed in Fluorescein concentra tion,
mmoles/l /50 gm of filter rock 
The model for K"s is given by:
Y = - (0 .112) + (1 .581)X  - (1 .664)X 2  (4.22)
where ,
Y = BOD removal reaction rate cons tan t  for soluble BOD5 with
second order reaction, K"s
X = Microbial activity expressed in Fluorescein concentra tion,  
mmoles/ l /50 gm of filter rock 
The model for microbial activity is given by: 
y  = (0 .0 0 9 8 5 )x ,  + (0 .00788)x2 - (2 .63369)
 (4.23)
where ,
y = Microbial activity,  f luorescein c o n c e n t r a t io n  in
mmoles/ l /50 gm of filter rock 
x 1 = Ammonia nitrogen concentra tion in the  w a s te w a te r ,  mg/l
x 2 = pH of the  w as tew ate r
5. C onclusions
The s tudy has established the  variation of the  rate cons tan ts  for 
removal of total BOD and soluble BOD in MRPF t rea tment  sy s tem s  along the  
length. Microbial activity w as  measured in the  filter rock along the  filter 
length using fluorescein d iace ta te  technique.  An excellent correlation w as  
found b e tw een  the  variation in rate cons tan ts  and the  microbial activity. 
Modeling w as  carried out for rate cons tan ts  for removal of total and  soluble 
BODs using first order and second order reaction kinetics. A multiple 
regression model w as  also developed for predicting the  microbial activity along 
the  filter length.
The r2 value obtained for the  first order reaction rate co n s tan t  for 
removal of soluble BOD5 (K's) is higher than tha t  for the  first order reaction 
rate cons tan t  for removal of total BOD5 (K't). Similarly, r2 value obtained for 
the  second  order reaction rate cons tan t  for removal of soluble BOD5 (K"s) is 
higher than tha t  for the  second order reaction rate cons tan t  for total BOD5 
(K"t). This suppor ts  the  hypothesis  tha t  the  soluble BOD removal can be more 
accura te ly  predicted using the  microbial activity than in case  of total BOD. 
This appears  logically true because  removal of the  total BOD is influenced 
more by other factors  such as  physical filtration, adsorption etc.  than  in case  




The higher values of reaction rate cons tan ts  in initial sec tions  of the  
filter can  be attr ibuted to several factors. The flow being from inlet end to the 
outlet end through the  porous media in these  filters, there  may not be good 
lateral mixing of the  w astewater .  These  flow conditions provide a scenario 
in which easily biodegradable compounds  are consumed fas ter by microbial 
population in the  initial few feet  of the filter leaving relatively recalcitrant 
c om pounds  for the  later sect ions of the  filter.
Also, environmental  parameters  along the  filter length are observed to 
vary providing variable conditions for growth, survival and performance of the  
microbial m ass .  Some of the  environmental  pa ramete rs  of the  w a s te w a te r  
monitored w ere  dissolved oxygen, pH, ammonia nitrogen, and tempera ture .  
While it is very complex to analyze the individual effect  of each  of these  
paramete rs  directly on rate constants ,  the  combined effect  through changes  
in microbial activity is s tressed  in this research which established a very good 
correlation b e tw een  the rate constants  and the microbial activity.
This verification of the  variability in rate cons tan ts  along the  filter length 
helps in designing MRPFs appropriately, and can be utilized to optimize the  
sizing of the  filters, particularly length to width ratios. Until now, length to 
width ratios have  been determined primarily by criteria address ing only site 
conditions and  hydraulic gradients to achieve certain t rea tm en t  capacity  to 
t rea t  w a s t e w a t e r  of certain type and quantity.  Also, most  of the  sys tem s  
designed until now  have a very high length to width ratios (5:1 or more),  and
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in several cases  it is more than 8:1.  As w e  have seen  tha t  the  rate cons tan ts  
are higher in initial sec tions  compared to tha t  of later sec tions ,  it appears  
rational to  opt for a lower length to width ratios. This will optimize the  
t rea tm en t  capaci ty of the  filter based on per unit volume of filter rock. A 
maximum length to  width ratio of 2:1 should be practiced.
In addition to  restricting the  design of these  sys tem s  with lower a sp ec t  
ratios,  it should be noted tha t  there  is a need for design of t h e se  sys tem s  
considering whole length into small elemental sec tions  instead of considering 
whole  length as  a single section.  The present design practice considers  the  
whole  filter as  a single section with a uniform BOD removal rate c o n s ta n t  over 
th e  entire length and es timates  the  expec ted  effluent quality. The 
recommended elemental design of smaller length sec tions  should consider the  
variable rate cons tan ts  to  accura tely predict the  anticipated effluent quality.
Because of the  multitude of reactions occurring in t h e se  trea tment  
sy s tem s ,  unders tanding and design of these  sys tem s  accura te ly  requires 
several  appropriately engineered research efforts and performance 
observations  of the  s ys tem s  working currently. This research findings will be 
of a great  beginning in focusing the  direction for further research particularly 
for establishing the  BOD removal capability of these  sys tem s .
6. Recommendations
The following recommendations  are made  for further research which
will en hance  more unders tanding of the  MRPF t rea tm en t  systems:
1. Pilot as  well as field studies should be encouraged  to s tudy the  
variability in microbial activity for different filter media size and packing 
(media porosity) keeping the  sam e w a s te w a te r  characteris t ics.  This 
will in turn provides a wider application in designing of th e se  sys tem s .
2. Research should be conducted  to see  the  density variation of the  
microbial population along the  filter length.
3. Speciation of microbial mass  should be determined by further research 
to see  if the  types  of microorganisms inhabiting vary along the  filter 
length.
4. In-situ evaluation of hydraulic conductivity should be carried out to  on
a long term basis to evaluate if clogging occurs  in these  tr ea tm ent
sys tems .
5. Long term studies should be encouraged to determine the  contribution
of the  vegeta tion in treating the  w as tew ate r .  This research can be 
conducted  using pilot sys tem s  with and without vegetation  on the  filter 
media keeping all other conditions identical.
6. Studies should be conducted to evaluate  the  performance of these
MRPF t rea tment  sys tem s  in removal of ammonia  nitrogen in
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w a s te w a te r s  and corresponding modeling for design criteria to further 
include ammonia  nitrogen removal.
7. Studies should be carried out to measure  the  bio film th ickness  
variation along the filter length and possible modeling to predict  the  
subs t ra te  utilization changes  along the  lengths.
8. A t tempts  should also be done to evaluate  performance of the  solids 
removal with prevailing root sys tem s  in the  filter and development  of 
a suitable model.
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1 0 .5 12
2 2.5 12

















20 38 .5 55
21 40 .5 92
22 42 .5 128
23 44 .5 121
24 46 .5 86
25 4 7 .0 60
26 4 9 .0 49
27 51 .0 49
28 53 .0 42
29 55 .0 41
* Samples were collected at the  filter mid point






















1 Inf. 0 19.3 28.7 17.3 13.3 19.7
2 1 75 13.0 15.0 11.0 9.0 12.0
3 2 147 10.2 9.0 8.4 6.9 8.6
4 3 336 6.0 6.0 5.0 4.0 5.3
5 4 401 5.0 5.3 4.5 3.5 4.6
6 5 471 4.5 4.5 4.2 3.3 4.1
7 6 571 4.7 4.0 3.8 3.8 4.1
8 7 639 3.2 3.5 2.8 3.3 3.2
9 8 678 2.9 2.9 3.2 3.2 3.1
10 Eff. 766 2.9 2.4 3.2 3.7 3.1






















1 Inf. 0 15.0 9.5 14.3 15.9 13.7
2 1 75 9.9 9.9 8.3 9.3 9.4
3 2 147 7.1 7.0 5.0 6.6 6.4
4 3 336 3.5 3.5 3.3 4.5 3.7
5 4 401 2.9 2.7 2.9 4.1 3.2
6 5 471 2.7 2.4 2.6 3.7 2.9
7 6 571 3.1 2.2 2.7 3.6 2.9
8 7 639 2.9 2.0 2.3 3.2 2.6
9 8 678 2.4 1.8 2.2 3.2 2.4
10 Eff. 766 2.7 1.8 2.0 2.4 2.2






















1 Inf. 0 18.9 22.3 25.3 40.7 26.8
2 1 75 6.5 4.2 4.8 6.3 5.5
3 2 147 5.0 3.2 3.0 3.3 3.6
4 3 336 3.5 2.1 1.8 2.3 2.4
5 4 401 3.2 1.9 1.6 2.0 2.2
6 5 471 3.0 1.8 1.5 1.9 2.1
7 6 571 2.2 1.7 1.8 1.8 1.9
8 7 639 2.5 1.8 2.0 1.9 2.1
9 8 678 2.1 2.1 1.9 2.0 2.0
10 Eff. 766 2.6 2.4 2.2 1.8 2.3
Table A .5: Soluble BOD5 - DS 1
SI. No. Sampling Length Soluble BOD5 Soluble BOD5 Soluble BOD5 Soluble BOD5 Soluble BOD5
Point from 
Inf. Point
(DS 11) (DS 12) (DS 13) (DS 14) (Av. DS 1)
(ft) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
1 Inf. 0 5.5 2.5 4.0 7.5 4.9
2 1 75 5.4 5.0 4.4 7.0 5.5
3 2 147 4.3 3.3 3.5 3.7 3.7
4 3 336 2.5 1.8 2.7 3.0 2.5
5 4 401 2.3 1.8 2.5 2.9 2.4
6 5 471 2.2 2.0 2.3 2.8 2.3
7 6 571 2.7 1.6 2.6 2.6 2.4
8 7 639 2.4 1.7 2.4 2.4 2.2
9 8 678 1.7 1.7 2.4 2.2 2.0
10 Eff. 766 2.0 1.8 2.7 2.1 2.2
Table A .6: Soluble BOD5 - DS 2
SI. No. Sampling Length Soluble B0D5 Soluble B0D5 Soluble BOD5 Soluble B0D5 Soluble BOD5
Point from 
Inf. Point
(DS 21) (DS 22) (DS 23) (DS 24) (Av. DS 2)
(ft) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
1 Inf. 0 4.4 4.8 4.3 2.9 4.1
2 1 75 5.2 5.4 3.2 4.5 4,6
3 2 147 3.6 4.0 2.2 3.6 3.4
4 3 336 1.8 2.2 1.8 3.0 2.2
5 4 401 1.6 2.0 1.6 2.9 2.0
6 5 471 1.4 1.9 1.5 2.9 1.9
7 6 571 1.2 2.0 1.6 2.7 1.9
8 7 639 1.3 1.5 1.3 3.0 1.8
9 8 678 1.1 1.6 1.8 2.5 1.8
10 Eff. 766 1.2 1.8 1.3 2.2 1.6
Table A .7: Soluble BOD5 - DS 3
SI. No. Sampling Length Soluble BOD5 Soluble BOD5 Soluble B0D5 Soluble B0D5 Soluble BOD5
Point from 
Inf. Point
(DS 31) (DS 32) (DS 33) (DS 34) (Av. DS 3)
(ft) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
1 Inf. 0 7.4 5.9 8.3 4.0 6.4
2 1 75 2.4 2.4 2.3 2.4 2.4
3 2 147 1.8 1.8 1.5 2.0 1.8
4 3 336 1.4 1.4 1.0 1.3 1.3
5 4 401 1.3 1.2 0.9 1.2 1.2
6 5 471 1.0 1.1 1.1 1.1 1.1
7 6 571 1.2 1.2 0.8 0.9 1.0
8 7 639 1.3 1.3 0.6 1 0 1.1
9 8 678 1.4 1.4 0.5 0.9 1.1
10 Eff. 766 1.2 1.3 1.1 1.1 1.2






















1 Inf. 0 140.9 137.1 127.7 154.0 139.9
2 1 75 63.9 60.2 63.9 65.8 63.5
3 2 147 43.4 39.5 43.4 41.5 42.0
4 3 336 42.1 36.9 42.1 31.6 38.2
5 4 401 21.1 30.3 27.6 39.4 29.6
6 5 471 22.4 27.0 23.1 28.0 25.1
7 6 571 28.0 25.0 21.0 20.3 23.6
8 7 639 35.5 23.7 11.2 15.0 21.4
9 8 678 23.5 28.9 13.1 15.0 20.1
10 Eff. 766 12.5 6.6 10.5 6.6 9.1

















1 Inf. 0 139.9 26.8 5.2
2 1 75 63.5 5.5 11.6
3 2 147 42.0 3.6 11.6
4 3 336 38.2 2.4 15.7
5 4 401 29.6 2.2 13.6
6 5 471 25.1 2.1 12.3
7 6 571 23.6 1.9 12.6
8 7 639 21.4 2.1 10.4
9 8 678 20.1 2.0 9.9
10 Eff. 766 9.1 2.3 4.0






















1 Inf. 0 110.0 99.3 133.0 109.0 112.8
2 1 75 68.0 61.3 98.0 27.0 63.6
3 2 147 202.0 91.2 52.0 16.5 90.4
4 3 336 191.0 112.4 68.0 29.0 100.1
5 4 401 89.3 22.3 9.5 0.0 30.3
6 5 471 5.0 9.5 4.9 3.0 5.6
7 6 571 NA NA NA NA NA
8 7 639 15.2 14.6 7.3 20.5 14.4
9 8 678 62.4 4.2 12.0 6.3 21.2
10 Eff. 766 55.0 28.4 4.1 2.9 22.6






















1 Inf. 0 2.1 1.9 2.9 4.3 2.8
2 1 75 2.2 0.7 2.7 0.9 1.6
3 2 147 1.9 1.4 0.5 0.8 1.2
4 3 336 2.2 2.4 5.8 4.0 3.6
5 4 401 2.2 2.7 5.0 5.8 3.9
6 5 471 2.5 2.8 4.0 5.0 3.6
7 6 571 2.0 3.9 6.2 5.7 4.5
8 7 639 3.0 3.8 6.2 5.6 4.7
9 8 678 3.6 3.8 7.0 6.0 5.1
10 Eff. 766 3.3 4.1 7.4 5.1 5.0






















1 Inf. 0 2.0 2.9 2.0 4.4 2.8
2 1 75 0.6 0.5 0.5 3.7 1.3
3 2 147 0.7 0.7 1.4 0.8 0.9
4 3 336 4.1 0.8 3.2 3.3 2.9
5 4 401 4.5 4.9 5.3 3.5 4.6
6 5 471 5.2 4.9 4.8 4.0 4.7
7 6 571 4.5 5.7 5.2 5.0 5.1
8 7 639 4.9 6.0 5.5 5.0 5.4
9 8 678 5.9 5.3 5.3 5.6 5.5
10 Eff. 766 5.3 6.4 5.6 5.8 5.8






















1 Inf. 0 9.1 6.8 6.5 5.5 7.0
2 1 75 2.9 3.9 3.5 3.4 3.4
3 2 147 3.3 4.0 3.4 4.2 3.7
4 3 336 3.0 5.0 4.1 4.1 4.1
5 4 . 401 3.9 5.4 4.2 3.5 4.3
6 5 471 5.0 4.7 4.6 3.7 4.5
7 6 571 3.4 3.4 3.4 3.4 3.4
8 7 639 5.4 3.2 3.2 3.6 3.9
9 8 678 4.8 3.5 3.3 3.9 3.9
10 Eff. 766 5.9 4.8 5.2 4.8 5.2

















1 Inf. 0 7.3 7.8 8.5 8.9 8.1
2 1 75 6.8 6.9 6.9 6.8 6.8
3 2 147 6.8 7.0 6.7 6.7 6.8
4 3 336 6.6 6.9 6.8 6.6 6.7
5 4 401 6.8 6.7 6.6 6.6 6.7
6 5 471 6.8 6.7 6.6 6.5 6.7
7 6 571 6.9 6.7 6.7 6.6 6.7
8 7 639 6.8 6.8 6.9 6.8 6.8
9 8 678 6.7 6.8 6.9 6.8 6.8
10 Eff. 766 7.0 6.9 6.8 6.8 6.8

















1 Inf. 0 7.6 8.6 9.4 9.6 8.8
2 1 75 6.8 7.2 7.0 6.6 6.9
3 2 147 6.8 7.0 6.9 6.4 6.8
4 3 336 6.7 6.9 6.9 6.9 6.9
5 4 401 6.7 6.8 6.8 6.6 6.7
6 5 471 6.7 6.8 6.7 6.5 6.7
7 6 571 6.7 7.0 6.7 6.4 6.7
8 7 639 6.8 7.0 6.7 6.4 6.7
9 8 678 6.8 7.0 6.8 6.3 6.7
10 Eff. 766 7.1 6.9 6.8 6.4 6.8

















1 Inf. 0 8.5 8.2 7.8 7.9 8.1
2 1 75 6.8 6.9 7.0 6.9 6.9
3 2 147 6.8 6.9 7.0 7.0 6.9
4 3 336 6.7 6.9 7.0 6.9 6.9
5 4 401 6.8 6.9 7.0 7.0 6.9
6 5 471 6.7 6.9 6.9 6.8 6.8
7 6 571 6.6 6.6 6.6 6.6 6.6
8 7 639 7.0 7.1 6.9 6.6 6.9
9 8 678 7.1 7.1 6.7 6.5 6.8
10 Eff. 766 7.2 7.2 6.8 6.8 7.0






















1 Inf. 0 29.0 29.2 27.9 28.6 28.7
2 1 75 32.5 31.9 28.0 28.4 30.2
3 2 147 32.0 30.1 27.8 28.2 29.5
4 3 336 29.0 38.0 27.8 27.9 30.7
5 4 401 28.9 36.2 27.5 27.9 30.1
6 5 471 28.4 35.6 27.8 27.7 29.9
7 6 571 29.5 34.0 28.6 28.7 30.2
8 7 639 29.1 33.7 28.3 28.2 29.8
9 8 678 27.8 35.4 28.3 28.0 29.9
10 Eff. 766 32.2 35.3 28.7 30.2 31.6






















1 Inf. 0 32.3 30.7 30.0 33.2 31.6
2 1 75 32.4 31.2 27.6 29.2 30.1
3 2 147 31.1 30.0 28.4 29.7 29.8
4 3 336 30.9 30.1 27.9 30.0 29.7
5 4 401 29.6 29.1 27.2 28.8 28.7
6 5 471 29.7 29.2 27.9 30.4 29.3
7 6 571 31.0 30.0 29.1 29.5 29.9
8 7 639 30.0 29.7 28.7 29.7 29.5
9 8 678 29.4 29.5 29.3 29.9 29.5
10 Eff. 766 28.8 28.9 29.1 30.0 29.2






















1 Inf. 0 21.9 19.0 16.4 17.8 18.8
2 1 75 21.7 18.7 16.8 17.6 18.7
3 2 147 20.6 18.3 16.2 17.1 18.1
4 3 336 19.9 17.3 16.4 16.8 17.6
5 4 401 20.8 17.1 16.2 16.7 17.7
6 5 471 21.1 17.6 15.8 16.9 17.9
7 6 571 17.0 17.0 17.0 17.0 17.0
8 7 639 19.9 17.4 16.6 17.2 17.8
9 8 678 19.9 17.5 15.8 17.7 17.7
10 Eff. 766 21.8 19.0 17.5 19.4 19.4
j






















1 Inf. 0 3.00 3.90 3.14 1.74 2.95
2 1 75 7.04 6.56 5.91 7.01 6.63
3 2 147 7.65 5.77 4.75 5.58 5.94
4 3 336 7.02 4.97 3.67 5.21 5.22
5 4 401 3.51 3.50 3.40 4.81 3.81
6 5 471 2.81 2.96 3.13 4.31 3.30
7 6 571 3.55 2.84 3.06 4.46 3.48
8 7 639 3.18 3.01 2.92 3.71 3.21
9 8 678 2.45 2.43 2.43 3.84 2.79
10 Eff. 766 1.98 2.37 2.45 3.77 2.64
196






















1 Inf. 0 3.25 2.07 1.14 0.91 1.84
2 1 75 5.97 5.52 6.96 5.60 6.01
3 2 147 6.15 5.97 6.81 5.75 6.17
4 3 336 5.16 5.57 5.53 3.29 4.89
5 4 401 5.72 4.99 4.43 2.78 4.48
6 5 471 5.40 4.62 3.84 2.21 4.02
7 6 571 5.72 4.60 3.10 2.77 4.05
8 7 639 5.27 4.22 3.28 3.48 4.06
9 8 678 5.06 3.79 3.66 2.15 3.67
10 Eff. 766 3.03 2.62 4.06 0.77 2.62






















1 Inf. 0 9.40 9.08 7.43 7.68 8.40
2 1 75 17.95 18.50 13.45 13.20 15.78
3 2 147 14.65 14.85 10.25 11.10 12.71
4 3 336 14.20 14.06 9.76 11.05 12.27
5 4 401 12.25 11.70 7.62 9.62 10.30
6 5 471 11.65 11.30 6.70 9.24 9.72
7 6 571 5.24 5.23 5.24 5.23 5.24
8 7 639 5.67 4.30 1.02 3.48 3.62
9 8 678 7.92 5.22 1.68 2.15 4.24
10 Eff. 766 1.90 1.13 0.85 0.77 1.16
T able A .2 3 :  M icrobial A c tiv ity
SI. No. Sampling Length Trial 1 Trial 2 Average Trial 1 Trial 2 Average Trial 1 Trial 2 Average
Point from 
Inf. Point
(DS 11) (DS 12) (DS 1) (DS 21) (DS 22) (DS 2) (DS 31) (DS 32) (DS 3)
(ft) (Abs.)* (Abs.)" (Abs.) * (A bs.)' (A bs.)' (Abs.) * (A bs.)' (A bs.)' (Abs.) ”
1 Inf. 0
2 1 75 0 .358 0 .3 7 4 0 .3 6 6 0 .4 1 7 0 .4 2 3 0 .4 2 0 0 .3 0 4 0 .2 9 6 0 .3 0 0
3 2 147 0.319 0.321 0 .3 2 0 0 .2 5 9 0 .2 6 5 0 .2 6 2 0 .2 3 7 0 .2 3 5 0 .2 3 6
4 3 336 0.115 0 .1 0 9 0 .1 1 2 0 .1 5 0 0 .1 4 6 0 .1 4 8 0.131 0 .1 2 5 0.128
5 4 401 0.097 0 .1 0 3 0 .1 0 0 0 .1 0 8 0 .1 1 2 0 .1 1 0 0 .1 0 0 0 .1 0 4 0.102
6 5 471 0 .063 0 .0 5 7 0 .0 6 0 0 .0 8 3 0 .0 7 7 0 .0 8 0 0 .0 7 5 0 .0 7 3 0 .0 7 4
7 6 571 0 .0 3 2 0 .0 2 4 0 .0 2 8 0.051 0 .0 4 9 0 .0 5 0 0 .0 4 9 0 .0 4 7 0 .048
8 7 639 0 .038 0 .0 3 4 0 .0 3 6 0 .0 3 2 0 .0 2 8 0 .0 3 0 0 .0 3 2 0 .0 3 2 0 .0 3 2
9 8 678 0.031 0 .0 3 3 0 .0 3 2 0 .0 2 4 0 .0 2 4 0 .0 2 4 0 .0 2 9 0 .0 2 7 0.028
10 Eff. 766
* Values (@ 4 9 0  nm) of extract developed using the filter rock as per the m ethod m entioned in section 3 .4 .9 .
Table A.24: FDA Standard Curve Data








1 0 .000 0.0 0.000
2 0.065 57.0 0.137
3 0.120 89.0 0.214
4 0.155 109.0 0.262
5 0.210 133.0 0.319
Notes:
1. FDA chemical formula is C 2 4 H 1 6  07 and the molecular weight is 41 6.4
2. Fluorescein chemical formula is C20 H 12 05  and the molecular w eight is 332.
Table A.25: Regression Results for FDA Standard Curve
Regression Output:
Constant -0 .010656934
Std Err of Y Est 0 .0135179777
R Squared 0 .9791159176
No. of Observations 5
Degrees of Freedom 3
X Coefficient(s) 0 .6474426217
Std Err of Coef. 0 .0545922888
Regression Equation: Y = ( 0 .01066) + (0.647443)x
Where, Y = Abs. at 490 nm, and
X = FDA Hydrolyzed or Fluorescein Cone.in mmoles/l/50 gm rock










W eight of 
Total Solids 
(@ 105 Deg. C) 
(gm)
W eght of 
Volatile Solids 
(@ 530  Deg. C) 
(gm)
W eight of 
Ash
(@ 5 3 0  Deg. C) 
(gm)
W eight of 
Total Solids 
/1 0 0  gm of Rock 
(gm)
W eight of 
Volatile Solids 




/1 0 0  gm of Rock 
(gm)
1 Inf. 0
2 1 75 35 .57 0 .8 6 4 7 0.1411 0 .7 2 3 6 2 .4 3 1 0 0 .3 9 6 7 2 .0343
3 2 147 100 .15 2 .9 5 3 2 0.41 2 .5 4 3 2 2 .9 4 8 8 0 .4 0 9 4 2 .5 3 9 4
4 3 336 100 .25 3 .1 3 5 3 0 .4 6 9 8 2 .6 6 5 5 3 .1 2 7 5 0 .4 6 8 6 2 .6589
5 4 401 100.61 2 .3 8 9 4 0 .2 2 5 2 .1 6 4 4 2 .3749 0 .2 2 3 6 2 .1513
6 5 471 100.8 2 .4 9 3 5 0 .1 9 3 2 .3 0 0 5 2 .4 7 3 7 0 .1 9 1 5 2 .2 8 2 2
7 6 571 101.63 1 .4 4 8 2 0.1201 1.3281 1 .4250 0 .1 1 8 2 1 .3068







101 .62 6.4681 0 .2 1 9 5 6 .2 4 8 6 6 .3 6 5 0 0 .2 1 6 0 6 .1 4 9 0
Note: Clay w as observed in the rock sam ples collected a t sampling points 7 & 8.
Table A.27: Reaction Rate Constants and Calculated BODs
Total BOD - DS 1


































[K” = 0 .073/day]
1 Inf. - 1 75.0 37.5 0.362 19.7 12.0 1.369 16.4 0.090 13.0
2 1 - 2 72.0 111.0 0.348 12.0 8.6 0.957 13.8 0.095 9.7
3 2 - 3 189.0 241.5 0.913 8.6 5.3 0.530 8.8 0.079 5.9
4 3 - 4 65.0 368.5 0 .314 5.3 4.6 0.451 7.5 0.091 5-2
5 4 - 5 70.0 436.0 0.338 4.6 4.1 0 .340 6.3 0.078 4.6
6 5 - 6 100.0 521.0 0 .483 4.1 4.1 0.000 5.0 0.000 4.0
7 6 - 7 68.0 605.0 0.328 4.1 3.2 0.756 4.2 0.209 3.6
8 7 - 8 39.0 658.5 0 .188 3.2 3.1 0.169 3.8 0.054 3.5
9 8 - Eff. 88.0 722.0 0.425 3.1 3.1 0.000 3.1 0.000 3.1
Total Length: 766 ft; Total Retention Time: 3.7 Days;
K': 1st Order Reaction Rate Constant; K": 2nd Order Reaction Rate Constant
^
Table A.28: Reaction Rate Constants and Calculated BODs
Total BOD - DS 2


































[K" = 0 .1 03/day] 
(mg/l)
1 Inf. - 1 75.0 37.5 0.362 13.7 9.4 1.041 11.5 0.092 9.1
2 1 - 2 72.0 111.0 0.348 9.4 6.4 1.105 9.6 0.143 6.8
3 2 - 3 189.0 241.5 0.913 6.4 3.7 0.600 6.1 0.125 4.2
4 3 - 4 65.0 368.5 0.314 3.7 3.2 0.462 5.3 0.134 3.7
5 4 - 5 70.0 436.0 0.338 3.2 2.9 0.291 4.5 0.096 3.3
6 5 - 6 100.0 521.0 0.483 2.9 2.9 0 .000 3.5 0.000 2.8
7 6 - 7 68.0 605.0 0.328 2.9 2.6 0.333 3.0 0.121 2.6
8 7 - 8 39.0 658.5 0.188 2.6 2.4 0.426 2.7 0.170 2.4
9 8 - Eff. 88.0 722.0 0.425 2.4 2.2 0.205 2.2 0.089 2.2
Total Length: 766 ft; Total Retention Time: 3.7 Days;
K': 1st Order Reaction Rate Constant; K": 2nd Order Reaction Rate Constant
203
Table A .29: Reaction Rate Constants and Calculated BODs
Total BOD - DS 3
SI. No. Section Length Chainage Sectional Av. Influent Av. Effluent 1 st Order Calculated 2nd Order Calculted
(from - to) of Middle Retention Cone. - Cone. - Reaction Rate Eff. BOD5(T) Reaction Rate Eff. BOD5(T)
Point Time BOD5(T) BOD5(T) Constant (K' = 0 .664/day] Constant IK" = 0 .1 0 7 /day]
(ft) (ft) (days) (mg/l) (mg/l) (/day) (mg/l) (/day) (mg/l)
1 Inf. - 1 75.0 37.5 0.362 26.8 5.5 4.375 21.1 0.399 13.1
2 1 - 2 72.0 111.0 0.348 5.5 3.6 1.218 16.7 0.276
COcd
3 2 - 3 189.0 241.5 0.913 3.6 2.4 0.444 9.1 0.152 4.7
4 3 - 4 65.0 368.5 0.314 2.4 2.2 0.277 7.4 0.121 4.1
5 4 - 5 70.0 436 .0 0.338 2.2 2.1 0.138 5.9 0.064 3.6
6 5 - 6 100.0 521.0 0.483 2.1 1.9 0.207 4.3 0.104 3.0
7 6 - 7 68.0 605.0 0.328 1.9 2.1 -0.305 3.5 -0.153 2.7
8 7 - 8 39.0 658.5 0.188 2.1 2.0 0.260 3.0 0.127 2.6
9 8 - Eff. 88.0 722.0 0.425 2.0 2.3 -0.329 2.3 -0.153 2.3
Total Length: 766 ft; Total Retention Time: 3.7 Days;
K': 1st Order Reaction Rate Constant; K": 2nd Order Reaction Rate Constant
204
Table A.30: Reaction Rate Constants and Calculated BODs
Soluble BOD - DS 1
SI. No. Section Length Chainage Sectional Av. Influent Av. Effluent 1 st Order Calculated 2nd Order Calculted
(from - to) of Middle Retention Cone. - Cone. - Reaction Rate Eff. BOD5(S) Reaction Rate Eff. BOD5(S)
Point Time BOD5(S) BOD5(S) Constant [K' =0 .21  6/day] Constant [K "= 0 .068 /day l
(ft) (ft) (days) (mg/l) (mg/l) (/day) (mg/l) (/day) (mg/l)
1 Inf. - 1 75.0 37.5 0.362 4.9 5.5 -0.319 4.5 -0.062 4.4
2 1 - 2 72.0 111.0 0.348 5.5 3.7 1.139 4.2 0.254 4.0
3 2 - 3 189.0 241.5 0.913 3.7 2.5 0.429 3.5 0.142 3.2
4 3 - 4 65.0 368.5 0.314 2.5 2.4 0 .130 3.2 0.053 3.0
5 4 - 5 70.0 436 .0 0.338 2.4 2.3 0 .126 3.0 0.054 2.8
6 5 - 6 100.0 521.0 0.483 2.3 2.4 -0.088 2.7 -0.038 2.6
7 6 - 7 68.0 605 .0 0.328 2.4 2.2 0 .265 2.5 0.115 2.4
8 7 - 8 39.0 658.5 0.188 2.2 2.0 0.507 2.4 0.242 2.3
9 8 - Eff. 88.0 722 .0 0.425 2.0 2.2 -0.224 2.2 -0.107 2.2
Total Length: 766 ft ; Total Retention Time: 3.7 Days;
K': 1 st Order Reaction Rate Constant; K": 2nd Order Reaction Rate Constant
205
Table A.31: Reaction Rate Constants and Calculated BODs
Soluble BOD - DS 2


































[K” = 0 .103/day] 
(mg/l)
1 Inf. - 1 75.0 37.5 0.362 4.1 4.6 -0.318 3.7 -0.073 3.6
2 1 - 2 72.0 111.0 0.348 4.6 3.4 0.869 3.4 0 .220 3.2
3 2 - 3 189.0 241.5 0.913 3.4 2.2 0.477 2.7 0.176 2.4
4 3 - 4 65.0 368.5 0.314 2.2 2.0 0.304 2.5 0.145 2.3
5 4 - 5 70.0 436 .0 0.338 2.0 1.9 0.152 2.3 0.078 2.1
6 5 - 6 100.0 521.0 0.483 1.9 1.9 0 .000 2.0 0.000 1.9
7 6 - 7 68.0 605.0 0.328 1.9 1.8 0.165 1.9 0.089 1.8
8 7 - 8 39.0 658.5 0.188 1.8 1.8 0.000 1.8 0.000 1.7
9 8 - Eff. 88.0 722.0 0.425 1.8 1.6 0.277 1.6 0.163 1.6
Total Length: 766 ft; Total Retention Time: 3.7 Days;
K': 1st Order Reaction Rate Constant; K": 2nd Order Reaction Rate Constant
206
Table A .32: Reaction Rate Constants and Calculated BODs
Soluble BOD - DS 3


































]K" = 0 .1 83/day] 
(mg/l)
1 Inf. - 1 75.0 37.5 0 .362 6.4 2.4 2.709 5.4 0.719 4.5
2 1 - 2 72.0 111.0 0 .348 2.4 1.8 0.827 4.6 0.399 3.5
3 2 - 3 189.0 241.5 0.913 1.8 1.3 0.356 3.1 0 .234 2.2
4 3 - 4 65.0 368.5 0 .314 1.3 1.2 0.255 2.7 0 .204 2.0
5 4 - 5 70.0 436.0 0 .338 1.2 1.1 0.257 2.3 0.224 1.7
6 5 - 6 100.0 521.0 0 .483 1.1 1.0 0.197 1.8 0.188 1.5
7 6 - 7 68.0 605.0 0 .328 1.0 1.1 -0.291 1.6 -0.277 1.4
8 7 - 8 39.0 658.5 0 .188 1.1 1.1 0 .000 1.5 0 .000 1.3
9 8 - Eff. 88.0 722.0 0 .425 1.1 1.2 -0.205 1.2 -0.178 1.2
Total Length: 766 ft ;  Total Retention Time: 3.7 Days;
K': 1st Order Reaction Rate Constant; K ": 2nd Order Reaction Rate Constant
207
208
Table A .33: Reaction Rate Constants and Microbial Activity - DS 1











-0 .319 -0 .062 1.369 0 .0 9 0
0 .3 6 6
2
2
1.139 0 .2 5 4 0 .9 5 7 0 .0 9 5
0 .3 2 0
0 .3 4 3 0 .5 4 6
3
3
0 .4 2 9 0 .1 4 2 0 .5 3 0 0 .0 7 9
0 .1 1 2
0 .2 1 6 0 .3 5 0
4
4
0 .1 3 0 0 .0 5 3 0.451 0.091
0 .1 0 0
0 .1 0 6 0 .1 8 0
5
5
0 .1 2 6 0 .0 5 4 0 .3 4 0 0 .0 7 8
0 .0 6 0
0 .0 8 0 0 .1 4 0
6
6
-0 .088 -0 .038 0 . 0 0 0 0 .0 0 0
0 .0 2 8
0 .0 4 4 0 .0 8 4
7
7
0 .2 6 5 0 .1 1 5 0 .7 5 6 0 .2 0 9
0 .0 3 6
0 .0 3 2 0 .0 6 6
8
8
0 .5 0 7 0 .2 4 2 0 .1 6 9 0 .0 5 4
0 .0 3 2
0 .0 3 4 0 .0 6 9
9
Eff.
-0 .2 2 4 -0 .107 0 . 0 0 0 0 . 0 0 0
K': 1 s t  O rder R eaction  R ate C o n stan t; K": 2nd  O rder R eaction R ate C o n s ta n t
* A b so rb an ce  a t  4 9 0  n m /5 0  gm  of rock
•*  F luorescein  C one , in m m o les/l/h /5 0  gm  of rock =  FDA Hydrolyzed m m o les /l/h /5 0  gm  of rock
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Table A .34 : Reaction R ate C o n stan ts  and Microbial A ctiv ity  - DS 2
S e c t io n S a m p lin g K’s K "s K 't K "t A v e r a g e S e c t io n a l  A v. A c tiv i ty
N o . P o in t M ic ro b ia l
A c t iv i ty
M ic ro b ia l
A c t iv i ty
e x p r e s s e d  in 
F lu o re s c e in
(/d ay ) {/day) {/day! l /d a y l (A b s .) * C o n e .  **
1
Inf.
- 0 .3 1 8 - 0 .0 7 3 1 .0 4 1 0 . 0 9 2
1 0 . 4 2 0
2
2
0 .8 6 9 0 .2 2 0 1 .1 0 5 0 . 1 4 3
0 . 2 6 2
0 .3 4 1 0 . 5 4 3
3
3
0 .4 7 7 0 . 1 7 6 0 . 6 0 0 0 . 1 2 5
0 . 1 4 8
0 . 2 0 5 0 . 3 3 3
4
4
0 .3 0 4 0 .1 4 5 0 .4 6 2 0 . 1 3 4
0 . 1 1 0
0 . 1 2 9 0 . 2 1 6
5
5
0 .1 5 2 0 . 0 7 8 0 .2 9 1 0 . 0 9 6
0 . 0 8 0
0 . 0 9 5 0 . 1 6 3
6
6
0 .0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 0 5 0
0 . 0 6 5 0 .1 1 7
7
7
0 .1 6 5 0 .0 8 9 0 . 3 3 3 0 .1 2 1
0 . 0 3 0
0 . 0 4 0 0 . 0 7 8
8
8
0 .0 0 0 0 . 0 0 0 0 . 4 2 6 0 . 1 7 0
0 . 0 2 4
0 . 0 2 7 0 . 0 5 8
9
E ff.
0 .2 7 7 0 . 1 6 3 0 .2 0 5 0 . 0 8 9
K': 1 s t Order R eaction R ate C onstant; K": 2nd Order Reaction Rate C onstan t
• A bsorbance a t 4 9 0  nm /50  gm of rock
** Fluorescein Cone, in m m oles/l/h/50 gm of rock = FDA Hydrolyzed in m m oles/l/h /50  gm of rock
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Table A .35: Reaction Rate Constants and Microbial Activity
S e c t io n S a m p lin g K 's K" s K 't K "t A v e ra g e S e c t io n a l  A v . A c tiv i ty
N o . P o in t M ic ro b ia l
A c tiv i ty
M ic ro b ia l
A c t iv i ty
e x p r e s s e d  in 
F lu o re s c e in




2 .7 0 9 0 . 7 1 9 4 .3 7 5 0 . 3 9 9
0 . 3 0 0
2
2
0 . 8 2 7 0 .3 9 9 1 .2 1 8 0 . 2 7 6
0 . 2 3 6
0 . 2 6 8 0 . 4 3 0
3
3
0 . 3 5 6 0 . 2 3 4 0 . 4 4 4 0 . 1 5 2
0 . 1 2 8
0 . 1 8 2 0 . 2 9 8
4
4
0 . 2 5 5 0 . 2 0 4 0 .2 7 7 0 .1 2 1
0 .1 0 2
0 . 1 1 5 0 . 1 9 4
5
5
0 . 2 5 7 0 . 2 2 4 0 . 1 3 8 0 . 0 6 4
0 . 0 7 4
0 . 0 8 8 0 .1 5 2
6
6
0 . 1 9 7 0 . 1 8 8 0 . 2 0 7 0 . 1 0 4
0 . 0 4 8
0 .0 6 1 0 .1 1 1
7
7
- 0 .2 9 1 - 0 .2 7 7 - 0 .3 0 5 - 0 .1 5 3
0 .0 3 2
0 . 0 4 0 0 . 0 7 8
8
8
0 . 0 0 0 0 . 0 0 0 0 . 2 6 0 0 . 1 2 7
0 . 0 2 8
0 . 0 3 0 0 . 0 6 3
9
E ff.
- 0 .2 0 5 - 0 .1 7 8 - 0 .3 2 9 - 0 .1 5 3
K': 1 s t Order Reaction R ate C onstan t; K”: 2nd Order Reaction R ate C onstan t
* A bsorbance a t 4 9 0  nm /50  gm of rock
•* Fluorescein Cone, in m m oles/l/50 gm of rock = FDA Hyrolyzed in m m oles/l/50  gm of rock




























Std Err of Y Est 0 .0571447
R Squared 0 .8758379
No. of Observations 8
Degrees of Freedom 5
X Coefficient(s) 0.1 109819 0 .3099062
Std Err of Coef. 0.0349971 0.3626701
Regression Output:
Constant -4 .034808
Std Err of Y Est 0 .043499
R Squared 0 .9253523
No. of Observations 8
Degrees of Freedom 5
X Coefficient(s) 0 .0826608 0 .5646405
Std Err of Coef. 0 .011886 0 .3183305
Regression Output:
Constant -2 .633685
Std Err of Y Est 0 .1064815
R Squared 0 .2783373
No. of Observations 24
Degrees of Freedom 21
X Coefficient(s) 0 .0098496 0.3986501
Std Err of Coef. 0.0078781 0 .2995782
Regression Output:
Constant -0.194911
Std Err of Y Est 0 .0503156
R Squared 0.8184777
No. of Observations 8
Degrees of Freedom 5
X Coefficient(s) 0.0201151 0 .0186688
Std Err of Coef. 0 .0049486 0 .2071039
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Table A.37: Model Validation for K't
S I.N o . X y y' Y-Y' ( y '- a v .y ) " 2 (Y -Y T 2
1 0 . 5 4 6 0 . 9 5 7 1 .0 9 5 - 0 .1 3 8 0 . 2 7 7 0 . 0 1 9
2 0 . 3 5 0 0 . 5 3 0 0 .6 8 3 - 0 .1 5 3 0 . 0 1 3 0 . 0 2 3
3 0 . 1 8 0 0 .4 5 1 0 .3 2 5 0 .1  2 6 0 . 0 5 9 0 . 0 1 6
4 0 . 1 4 0 0 . 3 4 0 0 .2 4 1 0 . 0 9 9 0 . 1 0 7 0 . 0 1 0
5 0 . 5 4 3 1 .1 0 5 1 .0 8 8 0 . 0 1 7 0 .2 7 1 0 . 0 0 0
6 0 . 3 3 3 0 . 6 0 0 0 .6 4 7 - 0 .0 4 7 0 . 0 0 6 0 . 0 0 2
7 0 . 2 1 6 0 . 4 6 2 0 .4 0 1 0 .0 6 1 0 . 0 2 8 0 . 0 0 4
8 0 . 1 6 3 0 .2 9 1 0 .2 9 0 0 .0 0 1 0 . 0 7 7 0 . 0 0 0
9 0 . 4 3 0 1 .2 1 8 0 .8 5 1 0 . 3 6 7 0 . 0 8 0 0 . 1 3 5
1 0 0 . 2 9 8 0 . 4 4 4 0 .5 7 3 - 0 .1 2 9 0 . 0 0 0 0 . 0 1 7
11 0 . 1 9 4 0 .2 7 7 0 .3 5 5 - 0 .0 7 8 0 . 0 4 5 0 . 0 0 6
12 0 . 1 5 2 0 . 1 3 8 0 .2 6 7 - 0 .1 2 9 0 .0 9 1 0 . 0 1 7
0 . 5 6 8  1 .0 5 5  0 . 2 4 8
S S R  =  1 .0 5 5 ;  S S E  =  0 . 2 4 8 ;  DF =  1 ; n  =  1 2 ;  a v e r a g e  y  =  0 . 5 6 8
F =  iS S R /D F ] /[S S E /(n -2 )J  4 2 . 5 4
y ' =  - (0 .0 5 3 1  +  ( 2 .1 0 2 ) x
x  =  M e a s u r e d  I n d e p e n d e n t  V a r ia b le ,  M ic ro b ia l A c t iv i ty  
(F lu o r e s c e in  C o n e ,  in  m m o le s / l / h /5 0  g m  o f  ro c k )  
y  =  M e a s u r e d  D e p e n d e n t  V a r ia b le ,  K 't  o r  K” t  ( /d a y )  
y ' : M o d e le d  D e p e n d e n t  V a r ia b le  
y -y ':  R e s id u a l  V a lu e
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T able A .3 8 :  M odel V alidation  for K"t
SI.No. X V v' y - y ' (y '-av .yP2 (V-YT2
1 0 .5 4 6 0 .0 9 5 0 .1 3 4 -0 .039 0 .0 0 0 0 .0 0 2
2 0 .3 5 0 0 .0 7 9 0 .1 6 0 -0.081 0 .001 0 .0 0 7
3 0 .1 8 0 0.091 0 .098 -0 .007 0 .001 0 .0 0 0
4 0 .1 4 0 0 .0 7 8 0 .0 7 2 0 .0 0 6 0 .0 0 2 0 .0 0 0
5 0 .5 4 3 0 .1 4 3 0 .1 3 5 0 .0 0 8 0 .0 0 0 0 .0 0 0
6 0 .3 3 3 0 .1 2 5 0 .157 ■0.032 0 .001 0.001
7 0 .2 1 6 0 .1 3 4 0 .1 1 7 0 .0 1 7 0 .0 0 0 0 .0 0 0
8 0 .1 6 3 0 .0 9 6 0 .087 0 .0 0 9 0 .001 0 .0 0 0
9 0 .4 3 0 0 .2 7 6 0 .1 6 2 0.1 14 0 .0 0 2 0 .0 1 3
10 0 .2 9 8 0 .1 5 2 0 .1 4 9 0 .0 0 3 0 .001 0 .0 0 0
11 0 .1 9 4 0.121 0 .1 0 6 0 .0 1 5 0 .0 0 0 0 .0 0 0
12 0 .1 5 2 0 .0 6 4 0 .0 8 0 •0 .016 0 .0 0 2 0 .0 0 0
0.121 0 .0 1 2  0 .0 2 3
SSR = 0 .0 1 2 ; SSE = 0 .0 2 3 ; DF = 1; n = 12; average y = 0.121
F =  [SSR/DF]/[SS£/(n-2)] 5 .22
y' = -(0.053) + (1 .080)x  - (1 .350)xA2 
x = M easured Independent Variable, Microbial Activity 
(Fluorescein Cone, in m moles/l/50 gm of rock) 
y = M easured D ependent Variable, K’t or K"t (/day) 
y' : Modeled D ependent Variable 
y-y': Residual Value
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T able A .3 9 :  M odel V alid ation  for  K 's
f  6l.No. X V y' y - y ' (y '-av .yP2 <y-yT2
1 0 .5 4 6 1.139 1.027 0.1 12 0 .3 6 6 0 .0 1 3
2 0 .3 5 0 0 .4 2 9 0 .5 1 5 -0 .0 8 6 0 .0 0 9 0 .0 0 7
3 0 .1 8 0 0 .1 3 0 0 .1 8 5 -0 .0 5 5 0 .0 5 6 0 .0 0 3
4 0 .1 4 0 0 .1 2 6 0 .1 2 3 0 .0 0 3 0 .0 8 9 0 .0 0 0
c 0 .5 4 3 0 .8 6 9 1.018 -0 .149 0 .3 5 5 0 .0 2 2
6 0 .333 0 .4 7 7 0 .4 7 7 -0 .0 0 0 0 .0 0 3 0 .0 0 0
7 0 .2 1 6 0 .3 0 4 0 .2 4 6 0 .0 5 8 0.031 0 .0 0 3
3 0 .163 0 .1 5 2 0 .158 -0 .006 0 .0 7 0 0 .0 0 0
9 0 .4 3 0 0 .8 2 7 0 .707 0 .1 2 0 0.081 0 .0 1 4
10 0 .2 9 8 0 .3 5 6 0 .403 -0 .0 4 7 0 .0 0 0 0 .0 0 2
11 0 .1 9 4 0 .2 5 5 0.2.08 0 .0 4 7 0 .0 4 6 0 .0 0 2
0 .4 2 2  1 .105  0 .0 6 7
SSR = 1 .105; SSE = 0 .0 6 7 ; DF = 1; n = 11; average y = 0 .4 2 2
F =  [SSR/DF]/[SSE/(n-2)l 148 .43
y ' = -(0 .049) + (0.973)x + (1.826)x~2 
x = M easured Independent Variable, Microbial Activity 
(Fluorescein Cone, in m m oles/l/50 gm of rock) 
y =  M easured Dependent Variable, K’t or K”t (/day) 
y ' : Modeled Dependent Variable 
y-y': Residual Value
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T able A .4 0 :  M odel V alidation  for  K"s
S i.No. X Y v ' y - y ' (y'-av.y)~2 (V -yT2
1 0 .5 4 6 0 .2 5 4 0 .2 5 5 -0.001 0 .0 0 7 0 .0 0 0
2 0 .3 5 0 0 .1 4 2 0 .2 3 8 -0 .0 9 6 0 .0 0 5 0 .0 0 9
3 0 .1 8 0 0 .0 5 3 0 .1 1 9 -0 .0 6 6 0 .0 0 3 0 .0 0 4
4 0 .1 4 0 0 .0 5 4 0 .077 -0 .0 2 3 0 .0 0 9 0.001
5 0 .5 4 3 0 .2 2 0 0 .2 5 6 -0 .0 3 6 0 .0 0 8 0.001
6 0 .3 3 3 0 .1 7 6 0 .2 3 0 -0 .0 5 4 0 .0 0 4 0 .0 0 3
7 0 .2 1 6 0 .1 4 5 0 .1 5 2 -0 .0 0 7 0 .0 0 0 0 .0 0 0
3 0 .1 6 3 0 .1 5 2 0.101 0 .051 0 .0 0 5 0 .0 0 3
9 0 .4 3 0 0 .3 9 9 0 .2 6 0 0 .1 3 9 0 .0 0 8 0 .0 1 9
10 0 .2 9 8 0 .2 3 4 0.211 0 .0 2 3 0 .0 0 2 0.001
11 0 .1 9 4 0 .2 0 4 0 .1 3 2 0 .0 7 2 0.001 0 .0 0 5
0 .1 6 9  0 .051 0 .0 4 6
SSR = 0 .0 5 1 ; SSE = 0 .0 4 6 ; DF = 1; n = 11; average y = 0.1 69
F =  [SSR/DF]/[SSE/(n-2)l 9 .98
y' = -(0 .053) + (1 .0 8 0 )x - (1 .350)x"2 
x = M easured Independent Variable, Microbial Activity 
(Fluorescein Cone, in m m oles/l/50 gm of rock) 
y = M easured Dependent Variable, K't or K"t (/day) 
y ' : Modeled Dependent Variable 
y-y': Residual Value
2 1 6
Table A .4 1 : Model Validation for Microbial Activity
| 5 i.N o . x1 x 2 V V' y-y ' (y '- a v .y } * 2 (Y -Y T 2
1 6 . 6 3 6 .8 0 . 3 6 6 0 .1 4 2 0 . 2 2 4 0 . 0 1 4 0 . 0 5 0
2 5 .9 4 6 .8 0 . 3 2 0 0 .1 3 6 0 . 1 8 4 0 . 0 1 6 0 . 0 3 4
3 5 .2 2 6 .7 0 . 1 1 2 0 .0 8 3 0 . 0 2 3 0 . 0 3 0 0 .0 0 1
4 3 .8 1 6 .7 0 . 1 0 0 0 .0 7 5 0 . 0 2 5 0 . 0 3 5 0 .0 0 1
5 3 .3 0 6 .7 0 . 0 6 0 0 .0 7 0 - 0 .0 1 0 0 . 0 3 7 0.000
6 3 .4 8 6 .7 0 . 0 2 8 0 .0 7 2 - 0 .0 4 4 0 . 0 3 6 0 . 0 0 2
7 3 .2 1 6 .8 0 . 0 3 6 0 .1 0 9 - 0 .0 7 3 0 . 0 2 3 0 . 0 0 5
8 2 .7 9 6 .8 0 . 0 3 2 0 .1 0 5 - 0 .0 7 3 0 . 0 2 4 0 . 0 0 5
9 6 .0 1 6 .9 0 . 4 2 0 0 .1 7 6 0 . 2 4 4 0 . 0 0 7 0 . 0 5 9
1 0 6 .1 7 6 .8 0 . 2 6 2 0 .1 3 8 0 . 1 2 4 0 . 0 1 5 0 . 0 1 5
11 4 .8 9 6 .9 0 . 1 4 8 0 .1 6 5 - 0 .0 1 7 0 . 0 0 9 o;ooo
1 2 4 . 4 8 6 .7 0 . 1 1 0 0 .0 8 1 0 .0 2 9 0 . 0 3 2 0 .0 0 1
13 4 .0 2 6 .7 0 . 0 8 0 0 .0 7 7 0 . 0 0 3 0 . 0 3 4 0.000
1 4 4 .0 5 6 .7 0 . 0 5 0 0 .0 7 7 - 0 .0 2 7 0 . 0 3 4 0 .0 0 1
1 5 4  0 6 6 .7 0 . 0 3 0 0 .0 7 7 - 0 .0 4 7 0 . 0 3 4 0 . 0 0 2
1 6 3 .6 7 6 .7 0 . 0 2 4 0 . 0 7 3 - 0 .0 4 9 0 . 0 3 5 0 . 0 0 2
17 1 5 .7 8 6 .9 0 . 3 0 0 0 .2 7 2 0 . 0 2 8 0.000 0 .0 0 1
1 8 1 2 .7 1 6 .9 0 . 2 3 6 0 .2 4 2 - 0 .0 0 6 0.000 0.000
19 1 2 .2 7 6 .9 0 . 1 2 8 0 .2 3 8 - 0 .1 1 0 0 .0 0 1 0 . 0 1 2
2 0 1 0 .3 0 6 .9 0 . 1 0 2 0 .2 1 8 - 0 .1 1 6 0 . 0 0 2 0 . 0 1 4
21 9 .7 2 6 .8 0 . 0 7 4 0 .1 7 3 - 0 .0 9 9 0 . 0 0 8 0 . 0 1 0
2 2 5 .2 4 6 .6 0 . 0 4 8 0 .0 4 9 - 0 .0 0 1 0 . 0 4 5 0.000
2 3 3 .6 2 6 ,9 0 . 0 3 2 0 . 1 5 3 - 0 .1 2 1 0 . 0 1 2 0 . 0 1 5
2 4 4 . 2 4 6 .8 0 . 0 2 8 0 .1 1 9 - 0 .0 9 1 0 . 0 2 0 0 . 0 0 8
0 .2 6 1  0 . 5 0 2  0 . 2 3 8
S S R  =  0 . 5 0 2 ;  S S E  =  0 . 2 3 8 ;  DF =  2 ; n  =  2 4 ;  a v e r a g e  y  =  0 .2 6 1
F =  (S S R /D F l/ [S S E /(n -2 ) l  2 3 .2 0
y ' =  (0 .0 0 9 8 5 1 x 1  +  ( 0 .3 9 8 6 5 } x 2  - ( 2 .6 3 3 6 9 )  
x1 =  M e a s u r e d  I n d e p e n d e n t  V a r ia b le , N H 3-N  in m g /l 
x 2  =  M e a s u r e d  I n d e p e n d e n t  V a r ia b le , pH  v a lu e  
y =  M e a s u r e d  D e p e n d e n t  V a r ia b le ,  M ic ro b ia l A c t iv i ty  
[F lu o re s c e in  C o n e ,  in m m o le s / l / 5 0  g m  r o c k l  
y ' : M o d e le d  D e p e n d e n t  V a r ia b le  
y - y ':  R e s id u a l  V a lu e
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